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Abstract 
Efficiency Enhancements in Micellar Liquid Chromatography Through 
Selection of Stationary Phase and Mobile Phase Organic Modifier 
David Paul Thomas 
Joe P. Foley, Ph.D. 
 
Micellar liquid chromatography (MLC) as a separation science technique 
remains hindered by reduced chromatographic efficiency compared to reversed 
phase liquid chromatography using hydro-organic mobile phases.  The reduced 
efficiency is linked to the adsorption of surfactant monomers onto the 
stationary phase, resulting in a slow mass transfer of the analyte within the 
interfacial region of the mobile phase and stationary phase.  The effect of 
various bonded stationary phases and silica pore sizes on efficiency in MLC 
was evaluated using an array of twelve liquid chromatography columns, 
including large-pore short alkyl chain, non-porous, superficially porous, and 
perfluorinated stationary phases.  The effect of organic micellar mobile phase 
additives was also evaluated using combinations of 1-propanol, 1-butanol, 1-
pentanol, and triethylamine.  A simplified equation for calculation of A′ and C′ 
terms from reduced plate height (h) versus reduced velocity (ν) plots was 
developed to compare efficiency data obtained with different columns and 
mobile phases.  Analyte diffusion coefficients needed for the h versus ν plots 
were determined by the Taylor-Aris dispersion technique.  Surfactant 
adsorption isotherms were measured for five columns with three micellar 
mobile phases to further understand the relationship between adsorbed 
surfactant, mobile phase additive, and column efficiency.  Clear improvements 
in efficiency were observed with addition of 2% (v/v) triethylamine to 1-
butanol modified aqueous micellar mobile phase in combination with the use 
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of short alkyl chain, wide-pore silica columns, specifically, Nucleosil C4, 1000 
Å pore size.  This finding is supported by lower amounts of surfactant 
adsorbed onto the stationary phase when triethylamine is present in the mobile 
phase compared to surfactant only, or 1-butanol modified mobile phase.  In a 
separate series of experiments, elevated column temperatures were evaluated 
to determine the effect of temperature on efficiency.  Efficiency improvements 
from 9% to 58% were observed for different columns over the temperature 
range of 40 to 70ºC.  Finally, a quantitative method of direct injection of 
equine serum for detection of banned non-steroidal anti-inflammatory drugs in 
equestrian events was developed to take advantage of the observed 
enhancements in efficiency in the area of greatest benefit for MLC, the direct 
injection of physiological fluids. 
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Chapter 1:  Introduction to Surfactants, Micelles and Micellar Liquid 
Chromatography 
 
1.1 A Brief History of Micellar Liquid Chromatography 
 
Micellar Liquid Chromatography (MLC) is a separation science technique where 
surfactants are used in an aqueous based liquid mobile phase at a high enough 
concentration to spontaneously form micelles.  The concentration above which 
surfactants form micelles is known as the critical micelle concentration (CMC).  MLC 
is an alternative to reversed phase high-performance liquid chromatography (RP-
HPLC), where a non-polar stationary phase, often a hydrocarbon chain, and a polar 
liquid mobile phase are used to separate compounds.  The same non-polar stationary 
phases and analytical column hardware used in RP-HPLC are also used in MLC, 
along with identical instrumentation, including high pressure pumps, injectors and 
detectors, making it a readily available technique in most analytical laboratories. 
 
An RP-HPLC mobile phase generally consists of an aqueous portion with an organic 
addition, such as methanol or acetonitrile.  When a mixture of analytes in solution is 
injected into the system, the components begin to partition out of the mobile phase 
and interact with the stationary phase.  Each component interacts with the stationary 
phase in a different manner depending upon its polarity and hydrophobicity.  In RP-
HPLC, the solute with the greatest polarity will interact least with the stationary phase 
and spend the most time in the mobile phase.  As the polarity of the components 
decreases, the time spent in the column increases.  Thus, a separation of components 
is achieved based on polarity [1].  In MLC, the micellar media introduces an added 
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range of possible interactions between the analytes, the micelles and the stationary 
phase, allowing for separation of hydrophilic and hydrophobic compounds in the 
same analysis while maintaining a high solubility of nonpolar molecules [2].  In 
addition, the use of organic solvent in micellar mobiles phases is minimal compared 
to RP-HPLC, making it a much more environmentally friendly and lower cost 
technique. 
 
MLC as a technique has a relatively short history.  As a graduate student at Texas 
A&M University, Daniel Armstrong was conducting research in the area of chemical 
and biochemical reactions in micellar media.  To determine micellar partition 
coefficient of transfer ribonucleic acids (tRNA), Armstrong used a gel permeation 
chromatography method with micellar media, first developed by Herries and Richards 
[3].  In determining the partition coefficients, Armstrong also recognized the potential 
of the micellar media for use as a separation technique by stating, “The relative low 
cost, the ease of operation and shortness of time for a complete run merit, we believe, 
the development of this technique to its full potential” [4].  Armstrong followed up 
this statement in 1980 with the first high-performance liquid chromatography (HPLC) 
application of MLC, by separating a series of phenols and polyaromatic hydrocarbons 
[5].  The first discussion of the thermodynamics involved in the retention mechanism 
was published a year later by Armstrong and Nome in 1981 [6]. 
 
From the first publication in 1980, interest in MLC began to grow.  Several research 
groups including Linda Cline-Love at Seton Hall University, John Dorsey at the 
University of Florida, and Willie Hinze at Wake Forest University began to take 
interest and publish in different areas of both the theoretical and practical application 
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of MLC.  MLC has been used in a variety of applications including separation of 
mixtures of charged and neutral solutes, analysis of pharmaceutical compounds, 
separation of enantiomers, analysis of inorganic organometallics, and most 
importantly, the ability to support direct injection of physiological fluids without 
sample pretreatment. 
 
Since its introduction, however, MLC has been faced some limitations in its 
applicability due to two main problems compared to conventional RP-HPLC.  The 
first is the excessive retention observed for hydrophobic compounds due to perceived 
weak eluting power of micellar mobile phases when used with conventional pore size 
HPLC stationary phases [7-12].  The second is the reduced chromatographic 
efficiency due to greater resistance to analyte mass transfer and/or increased flow 
anisotropy [7, 8, 10, 13-19].  These topics, especially the reduced efficiency, will be 
discussed in detail along with additional theoretical aspects and general applications 
of MLC. 
 
1.2 Surfactants and Micelles 
 
As its name suggests, the liquid mobile phases used in MLC are solutions of 
surfactants at concentrations where micelles are formed.  The unique nature of MLC 
is due to the use of the aqueous surfactant solutions.  Surfactants belong to the class of 
compounds known as amphiphiles, or molecules having both a hydrophobic and 
hydrophilic component [20].  The hydrophobic component is generally referred to as 
the tail group and hydrophilic group is known as the head.  The term surfactant comes 
from a contraction of “surface active agent” and is defined as a material which when 
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present at low concentrations, adsorb onto the interface, or surface, of the system and 
thereby alters the interfacial free energies of the interface [21].  The concept of 
micelles in solution was developed by James William McBain and coworkers at the 
University of Bristol in Bristol, England in the early twentieth century.  In 1912, 
McBain developed a theory of “colloidal ions” in solution to explain the conductive 
properties of sodium palmitate solutions [22] and continued the argument for the 
existence of ionic micelles in soap in 1919 and 1920 [23, 24].  The “colloidal ions” 
later became known as micelles after a term borrowed from biology and popularized 
by G. S. Hartley in his book “Aqueous Solutions of Paraffin-Chain Salts, A Study in 
Micelle Formation” in 1937 [25]. 
 
Surfactants are generally classified by the charge of the hydrophobic head group: 
anionic, cationic, nonionic, and amphoteric or zwitterionic.  The most commonly used 
household and industrial surfactants are anionic.  The anionic surfactant dissociates in 
aqueous solutions to give a negatively charged surface active portion and an inactive 
cation, commonly Na+ or K+.  The four main families of anionic surfactants are soaps, 
sulfonated compounds, alkylsulfates and alkylphosphates.  In MLC, the most 
commonly used anionic surfactant is the alkylsulfate, sodium dodecyl sulfate (SDS), 
C12H25OSO3Na.  Cationic surfactants are those that dissociate into a cationic 
amphiphile and an inactive anion, commonly Cl- or Br-.  The most common cationic 
surfactants used in MLC contain a quaternary ammonium group, such as cetyl 
trimethylammonium bromide (CTAB), C16H33N(CH3)3+, Br-.  Nonionic surfactants 
have a polar group such as an ether, alcohol, carbonyl or amino group as their 
hydrophilic portion.  Zwitterionic surfactants contain both positive and negative 
charges on the same molecule [2]. 
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The term “interface” refers to a boundary between two immiscible phases.  The 
practically observed interfaces are: solid-vapor, solid-liquid, solid-solid, liquid-vapor, 
and liquid-liquid.  The main impact of surfactants in modification of the interface is 
found when one of the phases is liquid, usually water [26].  The interfacial free energy 
is the minimum amount of work required to create that interface, and is measured per 
unit area by determination of the interfacial (surface) tension.  A surfactant adsorbs to 
the surface at low concentrations, thereby changing, usually by lowering, the amount 
of work required per unit area required to expand the interface.  Taking the most 
common air-water interface as an example, when an amphiphilic surfactant is 
dissolved in the bulk aqueous phase, the hydrophobic sections of the surfactant distort 
the structure of the phase by breaking the hydrogen bonds between the water 
molecules, causing an increase in the free energy of the solution.  In order to lower the 
free energy, the surfactant is forced to the surface with the hydrophobic tail section 
oriented toward the air and the hydrophilic head group inside the water phase.  This 
configuration creates a concentrated surfactant monolayer on the surface and a 
lowering of the surface tension [21, 27]. 
 
1.3 Micelle Formation 
 
As the concentration of surfactant in a solution increases, the surface interface 
becomes saturated with monomers, creating the need for further reduction in surface 
tension and free energy.  An abrupt change in the physicochemical properties of the 
solution occurs over a narrow concentration range known as the CMC.  Although 
these physicochemical changes had been observed earlier by McBain and others [23], 
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the concept and definition of the CMC was first determined by Bury and coworkers in 
1929 and 1930 [28, 29] and Hartley in 1936 [30] as “the critical concentration for 
micelles” below which there is a negligible amount of micelle formation and above 
which nearly all surfactant exists in the form of micelles [31]. 
 
Where surfactant concentrations exceed the CMC, the surface tension and free energy 
is lowered by formation of molecular aggregates known as micelles.  Micelles remain 
in solution and in dynamic equilibrium with the monomers in solution.  The CMC is 
different for each surfactant, as is the number of monomers which make up the 
micelle, termed the aggregation number, AN.  Micelles will generally form with the 
hydrophobic tail group oriented inward, and the hydrophilic head group oriented 
outward.  At concentrations close to the CMC, most surfactants will form spherical 
micelles, however, as the concentration of ionic surfactants increases, other micelle 
shapes are formed in the sequence of spherical, cylindrical, hexagonal, and lamellar as 
shown in Figure 1.1.  The shape of nonionic surfactants seems to change directly from 
spherical to lamellar with increasing concentration [27]. 
 
The thermodynamics of micelle formation is usually thought of in terms of a phase, or 
pseudo-phase model approach.  Micelles are typically thought of as a pseudo-phase 
due to their dynamic nature.  In the micellization process, there is a constant, rapid 
interchange of surfactant monomers within a given micelle, as well as a continuous 
formation and breakup of the micelle aggregate itself.  Within a micelle, the exchange 
of individual surfactant monomers occurs at a rate on the order of 10-8 to 10-4 seconds, 
while the micelle aggregate itself has a typical lifetime on the order of 10-3 to 1 
second [2, 32].  Micelles for ionic surfactants are in equilibrium between the 
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Figure 1.1.  Changes in micelle shape and structure with increasing surfactant 
concentration [27].
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electrostatic repulsion of the polar heads and the attraction between the alkyl chains.  
The dynamic micellization process depends on many interactions during the process, 
including contact between:  1) the surfactant hydrophobic section with water, 2) the 
surfactant hydrophobic interactions with each other in the micelle core, 3) the 
surfactant hydrophilic head groups with each other, and 4) the hydrophilic head group 
solvation in water.  Based on these interactions, two simple models are generally used 
to express the mechanism of micelle formation: 
AN·S SAN   (1.1),  and 
AN·S  mS + SAN   (1.2) 
where AN is the aggregation number, or number of monomers of a given surfactant, 
S, associating to form the micelle, m is the number of free surfactant monomers in 
solution, and SAN is the micelle comprised of the surfactant, S.  An equilibrium 
between surfactant monomers and micelles is assumed, giving an equilibrium 
constant for both equations of: 
[ ]
[ ]AN
AN
S
SK =   (1.3) 
The standard free energy, ∆G°, of micelle formation may then be expressed as: 
KRTG ln−=°∆  (1.4) 
where R is the gas constant and T is temperature in degrees Kelvin.  From equation 
1.4, it can be derived: 
SRTS
AN
RT
AN
G
AN lnln +−=
°∆  (1.5) 
with sufficiently large AN, typically greater than 50, the first term on the right side of 
the equation may be neglected, leading to the final approximation at the critical 
micelle concentration of: 
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CMCRTG ln≈°∆  1.6 
Equation 1.6 will produce a negative ∆G° and thus shows that micelle formation is a 
spontaneous process.  The change in entropy, ∆S°, is then expressed as: 
( )
dT
CMCdRTCMCR
dT
GdS lnln +=°∆=°∆  1.7 
Since increases in the CMC due to increases in temperature are typically observed, the 
change in entropy is usually positive, and therefore spontaneous.   The main driver 
behind the spontaneous process is the large increase in entropy of the water molecules 
as the nonpolar surfactant tails are removed from contact with the water and 
transferred into the nonpolar interior of the micelle.  The nonpolar hydrocarbon chains 
then have a higher freedom of motion within the micelle structure as opposed to the 
bulk solution [2, 33].   
 
Knowledge of the CMC for a given surfactant is critical to the researcher to ensure 
that the appropriate experimental conditions are used.  CMC values have been studied 
for many decades and determined by a variety of techniques.  The various 
physiochemical changes observed at the point of micelle formation, including surface 
tension, osmotic pressure, conductivity, turbidity and dye absorbance make the 
measurement of the CMC for surfactants relatively simple.  One of the most common 
ways to determine CMC values is by measurement of surface tension.  As stated, a 
drastic lowering of surface tension is observed upon the spontaneous formation of 
micelles in solution at the CMC of the surfactant, thus allowing for determination of 
the CMC [2].  CMC values for surfactants at various conditions are readily available, 
with two of the largest lists compiled by Mukerjee and Mysels in 1971 from literature 
spanning 1926 to 1966 with approximately 5000 entries from 333 references [31], and 
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Van Os, Haak, and Rupert in 1993 [34] with an similarly large number of values.  A 
selection of CMC and AN values for surfactants commonly used in MLC is shown is 
Table 1.1. 
 
 
 
Table 1.1.  Critical micelle concentration (CMC) and aggregation number (AN) for 
selected surfactants [10, 35]. 
 
Type Name CMC 
(mM) 
AN 
Anionic Cholic acid, sodium salt 14 2-4 
 Deoxycholic acid, sodium salt 5 4-10 
 Glycocholic acid, sodium salt 13 2 
 Sodium dodecyl sulfate (SDS) 8.27 62 
 Taurocholic acid, sodium salt 10-15 4 
 Sodium tetradecyl sulfate 2.1  
    
Cationic Cetyltrimethylammonium chloride 1  
 Cetyltrimethylammonium bromide (CTAB) 1.3 78 
 Dodecyltrimethlyammonium bromide (DTAB) 14 50 
    
Zwitterionic 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) 
8 10 
 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonate (CHAPSO) 
8 11 
 N-Dodecyl-N,N-dimethylammonio-3-propane 
sulfonate 
3.3  
    
Nonionic n-Decyl-β-D-glucopyranoside 2.2  
 Triton X-100 0.24 140 
 Polyoxyethylene (23) dodecanol (BRIJ 35) 0.1  
 Polyoxyethylene [20]-sorbitane monooleate 
(Tween 80) 
0.01  
 Polyoxyethylene [20]-sorbitane monolaurate 
(Tween 20) 
0.059  
 
 
 
Micelle formation and the CMC of a given surfactant are also influenced by many 
factors, which make knowledge of the experimental conditions and CMC a critical 
parameter for the researcher.  Among the factors influencing the CMC in aqueous 
11 
 
 
solutions are the hydrophobic and hydrophilic groups, counter ion effects from ionic 
surfactants, electrolytic effects from added salts, effects of added organic solvents, 
and temperature. 
 
Hydrocarbon chain length of the surfactant is one of the main influences on CMC 
values for surfactants.  As hydrocarbon chain length increases, the degree of 
hydrophobicity also increases, promoting micelle formation as chain length increase.  
The CMC therefore decreases as hydrocarbon chain length increases.  For a 
homologous series, the CMC may be calculated by the equation developed by Klevins 
in 1953 [36]: 
BnACMC −=log  1.8 
where A  is a constant specific to the homologous series and temperature, B is a 
constant approximately equal to log 2, or B ≅ 0.30, and n is the number of carbon 
atoms in the chain [21, 33]. 
 
Change in the hydrophilic head group from ionic to nonionic, or vice-versa, will also 
change the CMC for a surfactant with the same hydrocarbon chain.  A nonionic head 
group will have a lower CMC than that of its ionic counterpart.  For example, a 
surfactant with a C12 hydrocarbon has a CMC in the range of 1E-3 M with an ionic 
head group, and an order of magnitude less, 1E-4 M with a nonionic head group [2, 31, 
37].  For ionic surfactants, the counter-ion affects the degree of interaction of the bulk 
solvent with the ionic head group, where the CMC will decrease with increasing ion 
binding.  The ion binding increases with increasing counterion polarizability and 
charge, and decreases with increasing hydrated radius.  Thus, the CMC of any given 
surfactant will decrease in the order of the following cationic counterions:  Li+ > Na+ 
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> K+ > Cs+ > N(CH3)4+ > N(CH2CH3)4+ > Ca2+ ≅ Mg2+.  For cationic surfactants such 
as the dodecyltrimethylammonium halides, the CMC decreases in the order of the 
anionic counterions: F- > Cl- > Br- > I-.  The effect of charge number has a more 
pronounced effect on lowering the CMC than does sign.  An increase from a charge of 
± 1 to ± 2 or ± 3 sharply decreases the CMC [21, 31, 33, 37].   
 
The addition of electrolytic salts will also cause a decrease in the CMC for most 
surfactants, especially ionic.  The addition of salts reduces the electrostatic repulsion 
between the polar head groups and thus lowers the CMC.  The relationship between 
salt concentration and CMC was described by Corrin as [38]: 
bCaCMC i +−= loglog      1.9 
where a and b are constants for a particular surfactant at a given temperature and Ci is 
the total concentration of the added salt counterion.  Nonionic zwitterionic surfactants 
have a much smaller decrease in CMC in the presence of added electrolytes than the 
same concentration of electrolytes in ionic surfactants [21, 33, 39, 40]. 
 
Small additions of short chain alcohols are common in MLC.  The addition of alcohol 
into micellar phases generally decrease the CMC of a given surfactant.  A small 
amount of organic solvent is often added to a micellar mobile phase to help improve 
efficiency and to improve separations of compounds.  However, too high a 
concentration of the organic may cause the micelle to disperse, as it relies on 
hydrophobic effects for its formation.  Zana et al. have extensively studied the effects 
of alcohols on various properties of micelles.  In general, the addition of alcohols 
(methanol – propanol) decrease the micelle size, CMC and aggregation number of 
ionic surfactants.  A 7% v/v concentration of 1-propanol was reported to reduce the 
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CMC of SDS from 8.2 mM to 3.8 mM [41].  Most of the effects observed have been 
attributed to the partial solubilization of the alcohols in the micelles, producing a 
mixed alcohol/surfactant micelle.  The alcohol chains within the micelle orient 
themselves between the surfactant chains.  This increases the distance between the 
polar head groups of the micelle, and thus lessens the electrostatic repulsion of the 
head groups, making micellization easier and lowering the CMC [42].  However, at 
greater concentrations, ~20% or above, of methanol and ethanol, an increase in CMC 
is observed.  The addition of propanol at 23% was shown to completely disrupt 
micelle formation in potassium dodecanoate.  Addition of other organic additives, 
such as dioxane and urea, slightly increase the CMC [2, 21, 33, 42-49]. 
 
A final important consideration in factors affecting micelle formation is the affect of 
temperature.  The influence of temperature is different for ionic and nonionic 
surfactants.  For ionic surfactants, the solubility of surfactants increases dramatically 
as temperature increases above a given temperature, due to micelle formation.  The 
temperature at which micelles appear at a minimum surfactant concentration is known 
at the Krafft point.  The Krafft boundary is the temperature and concentration 
combination above which exists a micellear solution, and below which exists a 
surfactant monomer and liquid solution with no micelles present.  As shown in Figure 
1.2, micelle formation is not possible below 15°C for SDS since the surfactant 
solubility is too low at these temperature to have enough monomers in solution to 
form micelles.  As the temperature and solubility increases above 19°C, the CMC for 
micelle formation becomes relatively constant [2].
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Figure 1.2.  Krafft point determination and temperature dependence of SDS solubility 
[2]. 
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The Krafft point will increase with increase in alkyl chain length of the surfactant, and 
will also change with changes in counterion.  The temperature effect on the actual 
CMC is a complex issue due to the interaction between the repulsive forces of the 
head groups and attractive forces of the alkyl chains.  The increase in temperature will 
cause a decrease in the degree of hydration of the polar head group, which drives the 
equilibrium toward micelle formation.  However, at the same time, the reduced 
hydration reduces interaction of individual water molecules, reducing the free energy 
and thus driving the equilibrium away from micelle formation.  The overall net effect 
is dependent on the magnitude of the individual effect, but typically only slight 
increases in CMC are observed for temperatures higher than the Krafft point.  For 
example, the CMC of SDS increases from 8.2E-3 M at 25°C to 10.5E-3 M at 60°C, and 
the CMC of dodecyl ammonium chloride increases from 1.5E-3 to only 1.7E-3 over the 
same temperature range [2, 26] 
 
For nonionic surfactants, the Krafft point is not applicable.  Instead, there exists a 
clouding phenomenon where the nonionic micellar solution becomes turbid and 
biphasic as temperature increases.  The temperature at which the turbidity, or 
clouding, appears is known as the cloud point.  Above the cloud point, the solutions 
begin to separate into two phases, an aqueous phase saturated with surfactant, and an 
organic phase containing most of the surfactant saturated by water.  The cloud point is 
dependent on concentration of surfactant and decreases as concentration increases [2, 
26]. 
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1.4 Surfactant Interactions with the Stationary Phase 
 
Liquid chromatography columns are almost always made with a silica based packing 
bonded with an R group to create the specific column chemistry desired.  The silica 
particles are typically derivatized with chloro-silanes containing R groups that react 
with the surface hydroxyl groups (Si-OH) called silanols.  After a given R group has 
been bonded to the silica surface, there remain unreacted, or residuals silanols.  The 
residual silanols can have a pKa ranging from 4 up to 9.8 depending on the silica used, 
but will typically be negatively charged at the pH of most mobile phases.  They also 
contribute to peak tailing of basic compounds due to interactions of the basic 
compounds with the silanols, and provide potential interaction sites for positively 
charged surfactant monomers, or repulsion of negatively charged surfactants [2, 14]. 
 
The silica particle size, surface area, porosity, and bonding density make up the most 
important physiochemical properties of HPLC columns.  The particle size is a 
measured average diameter of the distribution of particles.  Particle size has a large 
effect on chromatographic efficiency, as the particle size decreases, the efficiency 
typically increases.  One drawback to the use of smaller particles is the effect on 
pressure within the HPLC column.  As the particle size is halved, the observed 
pressure for the same flow rate is quadrupled. 
 
The highly porous silica used in HPLC packing creates a large surface area that is 
equal to the sum of the internal pores of the silica particle and the outer surface, where 
the internal pores account for greater than 99% of the total surface area [14].  The 
pores within a particle can be thought of as multi-branched cylindrical channels either 
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partially or completely penetrating the particle.  The pore size refers to the average 
diameter of the pores, usually expressed in angstrom, Å.  Typical pore sizes used in 
most HPLC applications range from 70 – 150 Å, however many “wide-pore” 
stationary phases are commercially available ranging up to 4000 Å.  Bonding density 
is described by the surface coverage in µmol/m2 of bonded R groups to silanols.  A 
lower bonding density means that more residual silanols remain with additional 
contributions to peak tailing and surfactant adsorption. 
 
1.4.1 Surfactant Adsorption 
 
Surfactant interactions with the stationary phase have been extensively studied and 
determined that surfactant monomers tend to adsorb onto the stationary phase.  
Cyanopropyl, C18 and C8 derivatized silica stationary phases exposed to surfactants 
cetyltrimethyammonium bromide (CTAB) and SDS were studied by NMR by Lavine 
and coworkers [50, 51].  They found that the hydrophobic alkyl tail of SDS was 
associated with the bonded layer of the C8 and C18 stationary phases, while the sulfate 
polar group of SDS protrudes out of the bonded layer.  Conversely, the polar head 
group of CTAB incorporated within the bonded phase, with the tail group oriented 
outward [50].  For the cyano bonded phase, both the CTAB and SDS surfactants 
became tightly bound and entwined within the bonded phase through electrostatic 
interactions [51]. 
 
The adsorption of surfactants to the stationary phase will obviously have an effect on 
its properties, particularly the charge density of the surface and the interfacial tension 
of the stationary phase/mobile phase interface.  The adsorbed surfactant also reduces 
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the stationary phase surface area as it fills in the part of the silica pore volume [16], 
which in turn reduces the chromatographic efficiency, as will be discussed in more 
detail below. 
 
1.5 Partitioning Model 
 
The partitioning model for MLC is more complicated than that for traditional RP-
HPLC because of the number of possible interactions of the solute with the stationary 
phase and micellar mobile phase.  Three partition coefficients must be taken into 
account: the solute will partition between the aqueous phase and the stationary phase 
(KSW), the aqueous phase and the micelles (KMW), and the micelles and the stationary 
phase (KSM) as shown in Figure 1.3. 
 
Armstrong and Nome first proposed the three phase model [6] and derived an 
equation describing the partition coefficients in terms of the retention factor, k.  In 
HPLC, the retention factor represents the molar ratio of the solute in the stationary 
phase to the mobile phase.  The retention factor is easily measured based on retention 
times of the compound and any unretained compound.  The equation as rearranged by 
Guermouche et al. [52] is: 
( )SWMSW
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K
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k ⋅
+⋅



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−⋅
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1)1(1   1.10 
where k is the retention factor of the solute, KSW is the partition coefficient of the 
solute between the stationary phase and the water, KMW is the partition coefficient of 
the solute between the micelles and the water, φ is the phase volume ratio (stationary 
phase volume/mobile phase volume), V is the molar volume of the surfactant, and CM  
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Figure 1.3.  Three phase partition model for micellar liquid chromatography.  Adapted from [2]. 
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is the concentration of micelles in the mobile phase (total surfactant concentration - 
critical micelle concentration).  A plot of 1/k verses CM gives a straight line in which 
KSW can be calculated from the intercept and KMW can be obtained from the ratio of 
the slope to the intercept.  Finally, KSM can be obtained from the ratio of the other two 
partition coefficients: 
MW
SW
SM K
KK =   1.11 
As can be observed from Figure 1, KMW would be the same for any stationary phase 
used, assuming the same micellar mobile phase [52]. 
 
The validity of the retention mechanism proposed by Armstrong and Nome has been 
experimentally confirmed by several independent research groups.  However, some 
variations and alternate theories have also been proposed.  Jandera and Fischer [53] 
developed equations to describe the dependence of retention behavior on the change 
in micellar concentrations.  They found that the retention of most compounds tested 
decreased with increasing concentration of micelles. 
 
Foley proposed a similar retentive model to that of Armstrong and Nome which was a 
general model for secondary chemical equilibria in liquid chromatography [54, 55].  
While this model was originally developed for any secondary chemical equilibria 
such as acid-base equilibria and ion-pairing, Foley further refined the model for MLC.  
When an equilibrant (X), in this case surfactant, is added to the mobile phase, a 
secondary equilibria is created in which an analyte will exist as free analyte (A), and 
complexed with the equilibrant (AX).  The two forms will be retained by the 
stationary phase to different extents, thus allowing the retention to be varied by 
21 
 
 
adjusting the concentration of equilibrant (micelles).  The resulting equation solved 
for retention factor in terms of partition coefficients is much the same as that of 
Armstrong and Nome: 
[ ]
SS
SM
k
M
k
K
k
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
=  1.12 
where k is the retention factor of the complexed solute and the free solute, kS is the 
retention factor of the free solute, [M] may be either the concentration of surfactant or 
the concentration of micelle. 
 
Foley used the above equation to determine the solute-micelle association constants 
and free solute retention factors for a variety of solutes with different surfactants and 
stationary phases.  From this data it is possible to predict the type and optimum 
surfactant concentration needed for a given solute or solutes [54]. 
 
Foley has not been the only researcher interested in determining the solute-micelle 
association constants.  A review article by Marina and Garcia with 53 references 
discusses the usefulness of obtaining solute-micelle association constants [56].  The 
association constants for two solutes can be used to help understand the retention 
mechanism.  The selectivity of two solutes, α, can be expressed as KSM1/KSM2.  If the 
experimental α coincides with the ratio of the two solute-micelle partition 
coefficients, it can be assumed that their retention occurs through a direct transfer 
from the micellar phase to the stationary phase.  In addition, calculation of α would 
allow for prediction of separation selectivity before the analysis is performed, 
provided the two coefficients are known [56]. 
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1.6 Overcoming the Perceived Shortcomings of MLC:  Excessive Retention 
and Reduced Chromatographic Efficiency 
 
There have historically been two limitations to MLC compared to conventional RP-
HPLC: (i) the excessive retention observed for hydrophobic compounds due to the 
weak eluting power of micellar mobile phases when used with conventional porous 
HPLC stationary phases [7-12]; and (ii) reduced efficiency due to one or more causes 
of slower mass transfer and/or flow anisotropy [7, 8, 10, 13, 15-19, 57]. 
 
1.6.1 Excessive Retention 
 
The observed excessive retention is primarily caused by exclusion of the micelle from 
the internal pores of the stationary phase.  Since nearly all (≥ 99%) of the stationary 
phase surface area is within the pores [14], the analytes spend most of their time 
within the pores.  With conventional pore size HPLC phases (pore diameters of 150 Å 
or less), the micelles (typically typically 30-60 Å [61]) are largely excluded from the 
pores by steric constraints and therefore do not have access to the analytes except 
when they have diffused out of the pores into the interstitial region.  In addition to 
steric constraints, it is well known that surfactant monomers adsorb onto the 
stationary phase [11, 15, 16, 19, 58-60].  When ionic surfactants are employed, the 
resulting charge buildup on the stationary phase within the pores gives rise to a 
Donnan-like potential that will tend to repel like charged species from the pore.  In the 
case of nonionic surfactants, steric effects are most likely the cause of micellar 
exclusion from small-pore materials, whereas with ionic surfactants, both electrostatic 
and steric effects are probably responsible for micellar exclusion. 
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To solve the problem of excessive retention, McCormick et al. demonstrated that the 
excessive retention of hydrophobic compounds can nearly always be circumvented by 
using “wide-pore” (≥ 300 Å) stationary phases that allow the micelle to more 
effectively penetrate into the pores and thus have greater access to solutes that would 
be otherwise excessively retained by the stationary phase [62, 63].  They also showed 
that wide-pore phases are compatible with one of MLC’s most important advantages:  
the direct sample introduction of biological fluids [62].  By exploring differences in 
retention with stationary phase pore sizes ranging from 100 to 4000 Å for a diverse 
set of test solutes and micellar mobile phases, they were able to show large 
improvements in the eluting power of MLC, while still maintaining proper selectivity 
of a group of alkylphenones. 
 
1.6.2 Reduced Chromatographic Efficiency 
 
With the problem of excessive retention solved, the main focus of this thesis is to 
address the reduced chromatographic efficiency in MLC.  In liquid chromatography, 
samples are introduced into the column as sharp rectangular plugs of solution.  As 
each analyte spends time in the column, the rectangular plugs undergo a certain 
amount of broadening due to kinetic factors that spread the analyte bands.  The degree 
of spreading is proportional to the time the analyte spends in the column and is known 
as band broadening.  The chromatographer wishes to have as little band broadening as 
possible, resulting in a sharp, Gaussian shaped peak that facilitates quantitative 
analysis, improves resolution, R, between two peaks, and increases the overall 
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number of peaks which can be effectively separated and quantitated in a given 
chromatogram. 
 
Chromatographic efficiency is the estimate of the total column band broadening.  The 
contributions to band broadening, represented by H, the plate height, is given by [7]: 
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where Ci represents plate height coefficients related to solute flow anisotropy or eddy 
diffusion, Ce, mobile phase mass transfer, Cm, longitudinal diffusion, Cd, stagnant 
mobile phase mass transfer, Csm, and stationary phase mass transfer, Cs.  Other 
variables are, φf, the thickness of the stationary phase layer, Dm is the solute diffusion 
coefficient in the mobile phase, and Ds is the solute diffusion coefficient in the 
stationary phase, and u, the mobile phase linear velocity.  For MLC, φf takes on added 
importance due to the surfactant adsorption.  Surfactant adsorption increases the 
thickness of the stationary phase layer, which from equation 1.13, will also increase 
H, an undesirable situation. 
 
The contributions to total band broadening can be expressed in terms of the actual 
peak variance,σ2tot, which all contribute to lower chromatographic efficiency: 
σ2tot = σ2inj + σ2det + σ2eddy + σ2diff,mp + σ2diff,sp + σ2mt,sp + σ2mt(interstitial) + σ2mt(intraparticle)    1.14 
where the total peak variance (σ2tot) is the sum of the variances due respectively to 
sample injection, detection, eddy diffusion, solute diffusion in the mobile phase, 
solute diffusion in the stationary phase, stationary phase mass transfer (interfacial), 
mobile phase mass transfer (between pores, or interstitial), and stagnant mobile phase 
mass transfer (within the pores, or intraparticle). 
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Although column efficiency (plate count) can be estimated from any of several 
Gaussian-based equations, a more rigorous measure is obtained from statistical 
moments which describe the location and shape of a function, in this case the 
resulting chromatographic peak [64-66].  The general equations for the nth moment 
(1.15) and the nth moment about the mean (central moments) (1.16) are: 
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where tR is the retention time, and h(t) is the chromatographic peak profile.  The 
individual moments which describe a peak are as follows.  The zeroeth moment is the 
area, the first moment is the center of gravity of the peak, which is the retention time,  
the second central moment is the peak variance, the third central moment provides 
information on the peak asymmetry and the fourth central moment is a measure of the 
peak flatness [64].  The first and second moments are used to calculate peak 
efficiency and are given by [66]: 
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The column efficiency using the statistical moments is then calculated by: 
2
2
1
M
M
N =  1.19 
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where N is the number of theoretical plates, or column efficiency [66].   
 
The equation developed by Foley and Dorsey [67] has been shown to provide similar 
estimates of theoretical plates as the statistical moments method, equation 1.19.  Both 
methods provide the most accurate, albeit lowest, determination of column efficiency 
for non-ideal peaks as compared to other methods used to estimate theoretical plates.  
The Foley-Dorsey equation is given by: 
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 where N is the column efficiency, tR is the retention time in seconds, W0.1 is the peak 
width at 10% peak height in seconds, B and A are measured from the trailing edge of 
the peak and the leading edge of the peak, respectively, as shown in Figure 1.4. 
 
The Knox equation has been widely used to study the contributions of band 
broadening of a compound for a given column.  Knox plots of reduced plate height 
versus reduced velocity are used to compare efficiencies between, and among, 
chromatographic systems.  The Knox equation is given by[68]: 
ν
ν
ν ''' 3/1 CBAh ++=      1.21 
where A′, B′, and C′ are constants related to solute flow anisotropy (eddy diffusion), 
molecular longitudinal diffusion, and mass transfer properties respectively, h is the  
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Figure 1.4.  Measurement of variables required for equation 5.1; retention time, tR; 
peak width, W0.1, and asymmetry factor, B/A at 10% peak height [67]. 
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reduced plate height, and ν is the reduced mobile phase velocity.  The reduced plate 
height, h, is calculated by: 
pd
Hh =  1.22 
where H is the plate height and dp is the particle size of the stationary phase.  H is 
determined by: 
N
LH =   1.23 
where L is the length of the HPLC column and N is the number of theoretical plates. 
 
The reduced velocity, ν, is calculated using experimentally determined diffusion 
coefficients, D, by: 
D
du p )(=ν  1.24 
where u is the superficial linear velocity of the mobile phase as determined by the 
retention time of an unretained peak, t0, and the length of the HPLC column by: 
0t
Lu =   1.25 
The A′ term of the Knox equation is related to the quality of the column packing and 
term is important in MLC as is it relates to flow through the column, and band 
broadening due to eddy diffusion.  In MLC, the adsorption of surfactant on the 
stationary phase is related to the flow anisotropy A′ term in that the adsorbed 
surfactant changes the surface of the stationary phase and the micelle-stationary phase 
interaction.  In addition, the charge buildup of the surfactant may contribute to 
repulsion of the micelles and limit the ability of the micelle to penetrate the pores.  
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Both factors may lead to an increase in the flow anisotropy, and therefore increase in 
A′. 
 
The B′ term is dependent upon the solute longitudinal diffusion and has the greatest 
contribution at very low flow rates.  The C′ term is related to the mass transfer 
processes and contributes most at higher flow rates.  The C′ term is also important to 
MLC as it represents the contributions from the various mass transfer processes: (i) 
inter-particle (interstitial) mass transfer in the mobile phase where different fluid 
elements are moving at different velocities; (ii) intraparticle mass transfer in the 
assumed uniformly stagnant mobile phase within the pores; (iii) mass-transfer across 
the mobile phase / stationary phase interface, i.e., mass-transfer within the interfacial 
region.  Only the interfacial mass transfer process (iii) will be affected by the 
adsorption of surfactant onto the stationary phase.  The modification of the stationary 
phase by the adsorbed surfactant should increase the viscosity of that region and 
thereby slow the mass transfer between mobile phase and stationary phase.  
Calculation of the C′ term for the various columns and mobile phases leads to a 
comparison of the interfacial mass transfer process, and by extension the presumed 
extent of surfactant adsorption.  A reduction in surfactant adsorption, should thus 
result in a lower C′ term and increased mass transfer across the interfacial region.  
 
Berthod [7] studied the combined theories presented above and applied the Knox 
equation to independently determine the cause of the reduced efficiency.  Berthod’s 
use of the Knox equation to experimentally determine which of the proposed theories 
was most correct led him to two conclusions.  First, the flow anisotropy of micellar 
mobile phases seems to be much greater than that of traditional hydro-organic mobile 
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phases of similar viscosity, likely due to the partial clogging of the stationary phase 
pores by adsorbed surfactant molecules.  Second, raising the column temperature 
served to decrease both the viscosity of the mobile phase and the amount of adsorbed 
surfactant.  Both results independently reduce the A′ term and the amount of eddy 
diffusion, and thereby increase efficiency.  An increase in the B′ term, as related to 
longitudinal diffusion, is associated with the decrease in the solute diffusion 
coefficient in the mobile phase, DM, due to the presence of the micelles, and an 
increase in the retention factor, k.  Again, this is related to surfactant adsorption on the 
stationary phase causing a dramatic decrease in the solute diffusion coefficient in the 
stationary phase, DS.  Again an increase in temperature, now coupled with an addition 
of alcohol to the mobile phase, drastically decreases the amount of the absorbed 
surfactant.  In turn, both actions reduce the C′ term caused by a slow mass transfer 
from the stationary phase to the mobile phase.  Further improvements of efficiency 
can be obtained by reducing the flow rate to match the Knox equation.  Overall, each 
of the band broadening effects contribute to the lower observed efficiency, and can be 
partially countered by the addition of organic modifiers, particularly alcohol, and 
increasing the column temperature [7]. 
 
Despite extensive study by many research groups [7, 8, 10, 13, 15-19, 57], the 
problem of reduced efficiency in MLC still remains [7, 10].  Reduced efficiency in 
MLC has been attributed to several factors, including (i) poor wetting of the 
hydrophobic stationary phase by the aqueous mobile phase [8];  (ii) slow mass 
transfer between the micelles, the bulk aqueous phase, and the stationary phase [7, 8, 
10, 13, 15, 19, 57, 59]; and (iii) dynamic modification of the stationary phase due to 
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surfactant adsorption [7, 10, 16, 53, 58-60, 69-72], which further reduces mass 
transfer within the stationary phase and increases eddy diffusion. 
 
The two main approaches that have been used to enhance efficiency in MLC are the 
addition of small concentrations (1-5% v/v) of various alcohols to the micellar mobile 
phase, and increases in the column temperature [8, 11, 18, 70, 73, 74].  Dorsey [8] 
found that the addition of 3% 1-propanol to the mobile phase and use of a column 
temperature of 40°C gave column efficiencies approaching those of hydro-organic 
mobile phases.  Several studies have explored the relationship between adsorbed 
surfactant on the stationary phase and the role it plays in reduced efficiency [7, 10, 16, 
53, 58-60, 69-72].  Others have studied the effects of varying the concentration and 
type of alcohol to attempt to reduce the amount of surfactant adsorbed onto the 
stationary phase [8, 16, 18, 70, 73]. 
 
1.7 Applications of MLC 
 
Micellar liquid chromatography continues to be used as a tool for the analytical 
chemist for a variety of applications, including the direct injection of serum and other 
physiological fluids, the modeling of physiological partitioning processes, and the 
analysis of pharmaceutical compounds [75-84].   
 
One of the most advantageous applications is the ability to directly inject 
physiological fluids.  Micelles have an ability to solubilize proteins which enables 
MLC to be useful in analyzing untreated biological fluids such as plasma, serum, and 
urine [10].  The main advantage of the use of MLC with these types of samples, is the 
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great time savings in sample preparation.  Alternative methods of analysis including 
reversed phase HPLC require lengthy extraction and sample work up procedures 
before analysis can begin.  The majority of the published applications in MLC deal 
with direct injection of physiological fluids.  In one example, Martinez et al. [85] 
found direct injection MLC to be highly useful in analyzing nine β-antagonist drugs, 
or beta-blockers, in urine samples with less than fifteen minute runtime. 
 
Analysis of pharmaceuticals by MLC is also a common application.  The selectivity 
and peak shape of MLC compared to commonly used ion-pair chromatography is 
much enhanced [86].  MLC mimics, yet enhances, the selectivity offered by ion-
pairing reagents for the separation of active ingredients in pharmaceutical drugs.  For 
basic drugs, MLC decreases the excessive peak tailing frequently observed in ion-
pairing.  Hydrophilic drugs, often unretained using conventional RP-HPLC, are 
retained using MLC due to ionic interactions with charged surfactant molecules that 
are adsorbed onto the stationary phase.  Commonly found drugs in cold medications 
such as acetaminophen, L-ascorbic acid, phenylpropanolamine HCl, tipepidine 
hibenzate, and chlorpheniramine maleate have been successfully separated with good 
peak shape using MLC [86].  Other classes of basic drugs such as β-blockers [87, 88], 
phenethylamines [89], tetracyclines [90], and tricyclic antidepressants [91] have also 
been successfully separated using MLC  
 
The intent of the research presented in the following chapters is to provide continuous 
improvement for the applications listed above, and for those yet to come.  By 
continuing to make advancements in micellar liquid chromatography, the perceived 
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limitations may be overcome enough to broaden its scope to a wider audience of 
chromatographers and applications.  
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Chapter 2:  Use of Reduced Parameter Plots to Determine the Effects of Changes in 
Stationary Phase and Mobile Phase Modifier on Efficiency in MLC 
 
2.1 Introduction 
 
This research in MLC [1-3] attempts to address the efficiency problem by focusing on 
methodologies that will result in reduced flow anisotropy and improved analyte mass 
transfer, particularly in the interfacial region between the mobile and stationary phases.  
The experiments listed here present the combined effects of stationary phase ligand and 
mobile phase additive while maintaining the solute retention advantage through use of 
wide pore silica support.  Various organic additives including 1-propanol, 1-butanol, and 
1-pentanol, and a 1-butanol/triethylamine (TEA) combination, were added to sodium 
dodecyl sulfate (SDS) mobile phases and employed over an array of twelve separate 
columns for the purpose of determining the optimum combination of alcohol additive and 
stationary phase.  The stationary phases were primarily comprised of large pore silica 
support to maintain the retention improvement observed by McCormick and Foley [4-6].  
Several stationary phase chemistries and physical properties, including fluorinated, short 
alkyl hydrocarbon chains, non-porous silica, and shallow pore silica were selected to 
observe their effects on efficiency.  Except for the latter, each of the approaches listed has 
the primary aim of reducing the amount of surfactant adsorbed to the stationary phase. 
 
The mobile phase additives include several short chain alcohols, and a combination of 1-
butanol and triethylamine.  There have been three prior published accounts where 
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triethylamine was used as a mobile phase additive in MLC, although none with the 
express stated purpose of efficiency improvements [7-9].  El-Sherbiny et al. [8] used 
TEA in a micellar mobile phase to reduce peak tailing in the analysis of the basic drug 
compound, flunarizine.  Cline Love and Fett [7] reported on the determination of 
propranolol in urine using Brij-35, and found that increases in the amount of 
triethylamine added to the mobile phase resulted in a decrease in retention factor and 
increase in peak symmetry and efficiency.  Rapado-Martínez et al. [9] evaluated a series 
of several beta-blocker drug preparations using SDS and 15% propanol while varying the 
percentage of triethylamine.  Here again, the addition of triethylamine provided an 
improvement in efficiency. 
 
In order to evaluate the potential efficiency gains resulting from selection of stationary 
phase and/or micellar mobile phase organic modifier, it is desirable to construct reduced 
parameter, h vs. ν plots for all columns, analytes, and mobile phases.  From these plots, 
the terms of the reduced parameter equation may then be calculated and analyzed.  To 
that end, various flow rates were used for each mobile phase and stationary phase 
combination to provide the data needed to construct the h vs. ν plots.  Additionally, the 
column temperature was maintained at 40°C.  Elevated column temperatures were shown 
by Lavine and Hendayana [10] to increase efficiency in MLC due to both (i) a shift in the 
equilibrium of the solute away from the micelle and toward the bulk solvent, and (ii) a 
decrease in the amount of adsorbed surfactant on the stationary phase.  Therefore, this 
well established condition was used to determine whether further improvements in 
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efficiency could be made based on the combinations of stationary phase ligand and 
organic mobile phase modifier. 
 
2.2 Preliminary Considerations 
 
 2.2.1 Effect of Alcohol Addition on Micellar Mobile Phases 
 
The effects of the addition of alcohols into micellar mobile phases should be considered 
in terms of potential changes to the properties of the micelles.  Zana et al. have 
extensively studied the effects of alcohols on various properties of micelles [11-15].  In 
general, the addition of short chain alcohols (methanol – propanol) decrease the size, 
CMC and aggregation number of ionic surfactants.  A 7% v/v concentration of 1-
propanol was reported to reduce the CMC of SDS from 8.2 mM to 3.8 mM [15, 16].  The 
primary purpose of the addition of alcohol is to reduce the amount of adsorbed surfactant 
on the stationary phase, as well as to improve the poor wetting of the stationary phase 
when only aqueous micellar mobile phases are employed.  However, the addition of 
alcohols may also shift the equilibrium of the solute away from the micelle and toward 
the bulk solvent.  Further consideration of the effect of triethylamine in the mobile phase 
and its interaction with the micelles and stationary phase is warranted.  The addition of 
small amounts, 0.1 – 0.2% v/v, of triethylamine in chromatography is typically used to 
reduce the effect of tailing for basic small molecule compounds.  The amine group of the 
triethylamine interacts with any accessible residual silanols present on the stationary 
phase [17-19].  In the experiments conducted here, the increase in observed efficiency in 
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the presence of triethylamine is also coupled with a decrease in tailing, although tailing is 
not generally an issue in MLC.  The mobile phases used in these experiments were all pH 
adjusted to 7.2, where triethylamine (pKa = 11.0) would be fully protonated as the 
triethylammonium ion.  The presence of the triethylammonium ion will modify the 
stationary phase by binding strongly with any available silanol sites. In solution, the 
triethylammonium cation and dodecyl sulfate anion should not spontaneously form 
dodecyltriethylammonium sulfate, however some electrostatic attraction may occur 
between the two causing the formation of ion-pairs which could further inhibit the SDS 
monomers from adsorbing to the stationary phase.  The primary purpose of the butanol 
and TEA additives are to reduce the amount of adsorbed surfactant on the stationary 
phase by possible competitive adsorption to the stationary phase, as well as to improve 
the poor wetting of the stationary phase when only aqueous micellar mobile phases are 
employed.  However, the addition of alcohol and triethylamine may also shift the 
equilibrium of the solute away from the micelle and toward the bulk solvent. 
 
2.2.2 Impact of Wide Pore Silica Support on Efficiency 
 
In addition to the impact of alcohols on the micelles, the use of large pore size silica must 
also be considered.  The use of the large pore columns allows for reduced retention of 
hydrophobic compounds, so that higher alkylphenone homologues (heptanophenone, 
octanophenone, and nonaphenone) were eluted with reasonable retention factors (k) for 
all columns evaluated except the Zorbax ODS 70 Å which was employed in conventional 
pore-size control experiments in which large retention factors in MLC were expected [4-
47 
 
 
6].  We must also recognize the possible impact on the already lower efficiency of MLC.  
By using wide-pore stationary phases, the silica support will have a lower underivatized 
surface area than that of smaller pore stationary phases.  A stationary phase with a lower 
surface area, under surfactant-limited conditions in the mobile phase (very low surfactant 
concentrations), could be more susceptible to modification by surfactant adsorption than 
a conventional higher surface area stationary phase.  Surfactant concentrations typically 
employed in MLC mobile phases, however, range from 25 to 75 mM, and do not 
represent a surfactant-limited situation for either low or high surface area stationary 
phases.  Since wide-pore (≥ 30 nm) stationary phases allow greater penetration of 
micelles into the pores [4, 5], the within-pore diffusion coefficient of an analyte and 
hence its within-pore mass transfer rate could be lower due to the greater presence of 
micelles.  Greater penetration of micelles into the pores could also promote greater 
surfactant adsorption, although the greatest amount of surfactant adsorption has been 
shown to occur at surfactant concentrations below the CMC [20-23].  A more important 
consideration for wide-pore phases is the depth of the pore, which can be substantially 
larger than the pore depth of a narrow-pore phase.  An important exception to this are the 
“Poroshell” phases in which the pore depth is limited by grafting a small layer of porous 
silica on top of a nonporous silica particle [24].  The pore depth is an important variable 
with respect to mass transfer within the pore, because a larger pore depth means that a 
solute will have to diffuse further.  In addition to the larger average diffusion distance, 
the range of diffusion distances to the stationary phase ligands will also be greater.  Both 
the larger average and range of diffusion distances in wide-pore stationary phases are 
potentially significant sources of increased band broadening.  Sands [25] showed an 
48 
 
 
approximate 26 to 30% decrease in efficiency of three small compounds when increasing 
from a 100 Å to 250 Å pore size C18 bonded silica gel.  Last, but probably least 
important, wide-pore bonded stationary phases inherently have a lower specific surface 
area (m2/g) than that of otherwise equivalent smaller-pore phases.  These factors should 
be considered when interpreting the results, and when making comparison to MLC 
experiments conducted without increased temperature, organic modifiers, or wide-pore 
stationary phases. 
 
2.3 Experimental 
 
2.3.1 Instrumentation 
 
An Agilent (Rockville, MD) HP1100 Liquid Chromatograph system equipped with an in-
line mobile phase degasser, quaternary gradient pump, diode array detector, column 
thermostat, and a variable volume autosampler, was used for all experiments.  In order to 
minimize the sources of external band broadening as shown in equation 1.14, the internal 
stainless steel tubing diameter connecting the injector, column, and detector was 0.007 
inches, and tubing distance was kept as short as possible.  Control of the chromatograph 
and integration were performed using Agilent ChemStation software, version A.06.04.  
Studies were conducted using hydro-organic and micellar mobile phases over an array of 
twelve HPLC columns.  Table 2.1 provides a listing of all columns and mobile phases 
employed for the given experiments. 
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2.3.2  Reagents, Chemicals, and Solutions 
 
SDS ultrapure bioreagent, 100%, was obtained from Mallinckrodt Baker (Phillipsburg, 
NJ, USA), HPLC grade 1-propanol, 1-butanol and methanol were obtained from Allied 
Signal, Burdick and Jackson (Muskegon, MI, USA); 1-pentanol was obtained from TCI 
America (Portland, OR, USA); HPLC grade water was obtained from a Milli-Q Plus 
water system (Millipore Corp., Milford, MA).  USP grade nitromethane, used as a t0 
marker, was obtained from Mallinckrodt Baker (Phillipsburg, NJ, USA), and HPLC 
grade triethylamine (TEA), 100%, was obtained from Mallinckrodt Baker (Phillipsburg, 
NJ).  Mobile phase buffer, sodium phosphate monobasic, dihydrate was obtained from J. 
T. Baker (Phillipsburg, NJ) and o-phosphoric acid (85%) was obtained from Fisher 
Scientific (Fair Lawn, NJ).  Test solutes for the reduced parameter experiments were 
acetophenone (99%), propiophenone (99%), heptanophenone (98%), octanophenone, 
(98%), all obtained from Aldrich (Milwaukee, WI), and nonaphenone (99%), obtained 
from Acros Organics (Geel, Belgium).  For the substituted benzene experiments, the 
compounds were as follows:  butylbenzene (99+%), methylbenzoate (99%), biphenyl 
(99.5%) and 2-nitrotoluene (99+%) were all obtained from Aldrich (Milwaukee, WI); 
benzyl alcohol was obtained from Sigma (St. Louis, MO); nitrobenzene, ACS reagent, 
was obtained from J.T. Baker (Phillipsburg, NJ); naphthalene (99.6%), was obtained  
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Table 2.1.  Summary of HPLC columns and mobile phases employed. 
 
     Mobile Phase 
HPLC Column and Dimensions 
Surface 
Area 
(m2/g) 
Pore 
Volume 
(mL/g) 
Carbon 
Load % Manufacturer 
45/55 
MeOH/H2O 
5/95 
1-propanol 
/50 mM 
SDS 
3/97 
1-butanol 
/50 mM 
SDS 
3/97 
1-pentanol 
/50 mM 
SDS 
3/2/95 
1-butanol 
/TEA 
/50 mM SDS 
Zorbax ODS 5 µm, 70 Å, 250 X 4.6 mm 300 0.6  20 
Agilent 
Technologies X X X X X 
Nucleosil C4 7 µm, 1000 Å, 250 X 4.6 mm 25 0.85 1 Phenomenex X X X X X  
Poroshell 300SB C3 5 µm, 300 Å, 75 X 2.1 mm NA  NA NA 
Agilent 
Technologies X X
1 X1   
Poroshell 300SB C8 5 µm, 300 Å, 75 X 2.1 mm NA  NA NA 
Agilent 
Technologies X X
1 X1   
Poroshell 300SB C18 5 µm, 300 Å, 75 X 2.1 mm NA  NA NA 
Agilent 
Technologies X X
1 X1   
Kovasil C14 1.5 µm, non-porous, 33 X 4.6 mm  1.8 0 NA 
Chemie Uetikon 
AG X X X   X 
Chromegabond C3, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.55 ES Industries X X X   X 
Chromegabond C8, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 1.20 ES Industries X X X X X 
Chromegabond Phenyl, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.82 ES Industries X X X   X 
FluoroSep-RP Propyl; 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.35 ES Industries X X X X X 
FluoroSep-RP Octyl, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 1.05 ES Industries X X X   X 
FluoroSep-RP Phenyl, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.76 ES Industries X X X   X 
1 15 mM SDS used          
   NA = Information Not Available          
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from Alfa Aesar (Wood Hill, MA); toluene, high purity solvent, was obtained from B&J 
(Muskegan, MI); and phenol, ACS reagent, was obtained from EM Science (Gibbstown, 
NJ).  Structures of the surfactant and test compounds are given in Figure 2.1. 
 
2.3.3 Procedure and Chromatographic Conditions 
 
Alkylphenone test solutes were studied on twelve columns using SDS mobile phases with 
a variety of organic modifiers, and with a hydro-organic mobile phase used as a control.  
For the TEA containing mobile phase, the mobile phase was buffered with 0.020 M 
sodium phosphate monobasic.  After addition of the triethylamine, the mobile phase was 
adjusted to pH 7.2 with o-phosphoric acid (85%).  A preliminary experimental design, 
using the Chromegabond C8 column with heptanophenone, octanophenone, and 
nonaphenone as analytes, was conducted where the percentages of triethylamine and 1-
butanol in the mobile phase were each varied from 0 to 3% (v/v) to find the resulting 
combination with the highest N value.  The experimental design found that a 3% 1-
butanol / 2% triethylamine combination provided the highest chromatographic efficiency, 
and was therefore chosen for the remainder of the columns.  Two lower alkylphenone 
homologues (acetophenone and propiophenone) were used for the Zorbax ODS column 
due to the excessive retention (>180 min at 1.5 mL/min) of the higher homologues using 
the 50 mM SDS mobile phase.   For all other columns, the test solutes used were 
heptanophenone, octanophenone, and nonaphenone.  The solutes were injected in 
duplicate for all experiments.  To prepare the stock solutions, 1.0 mL of each test solute 
was diluted to 100 mL with methanol.  Analytical test solutions were obtained by diluting 
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Figure 2.1.  Chemical structures of surfactant and test compounds. 
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1.0 mL of the stock solution to 100 mL using the corresponding mobile phase.  The 
solutes (0.01% v/v) were injected in duplicate for all experiments. 
 
For the efficiency experiments with the substituted benzenes, stock solutions of benzyl 
alcohol, nitrobenzene, methylbenzoate, 2-nitrotoluene, toluene, and butylbenzene were 
prepared by diluting 0.5 mL of each solute to 50 mL with methanol.  One gram each of 
naphthalene and biphenyl and 0.6 grams of phenol were diluted to 50 mL with methanol 
for their stock solutions.  Each stock was then serially diluted with 5% 1-butanol / 95% 
water, to the following final concentrations:  benzyl alcohol (1000 ppm), nitrobenzene 
(50 ppm), methylbenzoate (200 ppm), 2-nitrotoluene (50 ppm), toluene (800 ppm), 
butylbenzene (1000 ppm), naphthalene (100 ppm), biphenyl (50 ppm), and phenol (240 
ppm).  The substituted benzene mixtures were analyzed using the columns noted in Table 
2.1 with the exception of the three Poroshell columns, Chromegabond Phenyl and 
FluoroSep Phenyl, using a micellar mobile phase consisting of 95% 15 mM SDS with 2% 
triethylamine and 3% 1-butanol by volume buffered with 0.020 M sodium phosphate 
monobasic, adjusted to pH 7.2 with o-phosphoric acid, 85%.  For the Nucleosil C4 
column only, two additional mobile phases were used for comparison purposes:  (i) an 
MLC mobile phase consisting of 97% 15 mM SDS with 3% 1-butanol by volume, and 
(ii) a hydro-organic mobile phase consisting of 45% methanol / 55% H2O by volume. 
 
The MLC mobile phases used consisted of micellar solutions of SDS with small 
concentrations of 1-propanol, 1-butanol, or 1-pentanol, and a 1-butanol/triethylamine 
combination as the organic modifier.  For the C3, C8, and C18 Zorbax Poroshell columns, 
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the SDS concentration in the MLC mobile phases was 15 mM SDS compared to 50 mM 
used for all other columns.  The lower concentration of SDS was used for the Zorbax 
Poroshell columns because experimental observations with 50 mM SDS showed that the 
compounds of interest were not retained beyond the t0 marker, nitromethane.  At 15 mM 
SDS, reasonable selectivity and retention was observed, and was therefore used for the 
Poroshell columns only.  The RP-HPLC mobile phase consisted of a mixture of 45/55 
v/v, methanol and water for all columns.  All mobile phases were prepared in a volume to 
volume ratio.  Because the micellar mobile phases described above were prepared by 
volume (by mixing reproducible volumes of separate solvents), the concentration of SDS 
and 1-butanol will be slightly different among the mobile phases.  In the case of the 97% 
(v/v) 50 mM SDS with 3% 1-butanol solution, the final concentrations in the mobile 
phase were 48.5 mM and 0.328 mM for SDS and 1-butanol, respectively.  For the 95% 
50 mM SDS/3% 1-butanol/2% TEA mobile phase, the final concentrations were 47.5 
mM, 0.328 mM, and 0.144 mM for SDS, 1-butanol and triethylamine respectively.   
 
UV detection at 254 nm was used and the columns were held at a constant temperature of 
40.0°C.  In order to construct h versus ν plots, it is necessary to measure efficiency at 
several flow rates and then calculate the corresponding reduced plate heights and reduced 
velocities.  Efficiency was measured using the statistical moment method available via 
ChemStation software.  For all columns except the Kovasil C14, the flow rates employed 
were 0.05, 0.1, 0.2, 0.4, 0.7, 1.1, and 1.5 mL/min.  Due to pressure restrictions, the flow 
rate of the Kovasil C14 column was limited to a maximum of 0.7 mL/min, therefore the 
flow rates used were 0.05, 0.1, 0.2, 0.35, 0.5, and 0.7 mL/min.  Nitromethane was 
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injected as a t0 marker for all experiments.  The various particle and pore sizes and 
surface areas of the columns made it necessary to vary by column the injection volume of 
the test solutions.  The injection volume used was 20 µL for all columns with the 
exception of the Kovasil C14 (10 µL) and the Poroshell columns (2 µL).  
 
2.3.4  Calculation of reduced parameters, h and ν  
 
As discussed in Chapter 1, reduced parameter plots are helpful to understand the 
contributions of various band broadening processes for a compound and HPLC column 
by calculating and comparing the constants of the equation, typically using the Knox 
equation (equation 1.21).  However, in order to calculate meaningful constants, an 
accurate measurement of plate height is required.  As shown by Berthod [26], variations 
of 50 – 500% for calculation of the A′ and C′ terms can be found depending on the 
method used to measure the plate height.  Because the chromatographic data system used 
in these experiments, ChemStation, did not provide the parameters needed for the Foley-
Dorsey equation, (equation 1.20), but did automatically provide theoretical plates based 
on statistical moments, the statistical moment method was employed here for all plate 
count measurements, (equation 1.19).  When the chromatographic resolution of the 
sample components in a test mixture was less than baseline, solutions of individual 
components were injected in order to accurately measure N with the statistical moments 
method.  An advantage of the statistical moment method for measuring efficiency is its 
superior accuracy, compared to methods based on the assumption of Gaussian peaks, 
which typically overestimate efficiency and underestimate plate heights by 20% or more 
57 
 
 
depending on the degree of peak asymmetry  [27].  The lower efficiencies and higher 
reduced plate heights reported here are thus more accurate than values that could have 
been reported if Gaussian-based methods had been employed.   
 
2.3.5  Determination of Diffusion Coefficients 
 
To determine the reduced velocity (ν) from equation 1.24, the overall diffusion 
coefficient must be known for each solute in each mobile phase. 
D
du p )(=ν  1.24 
Because of the presence of the micelles and surfactants, the diffusion coefficient in 
micellar liquid chromatography is a combination of the micelle diffusion coefficient and 
the solute diffusion coefficient in the aqueous phase.  Diffusion coefficients in non-
micellar media consist solely of diffusion in the bulk mobile phase.  The observed 
diffusion coefficient (Dobs) in micellar mobile phase may then be expressed by the 
function: 
aqMobs DDD )1()( ββ −+=   2.3 
where DM is the diffusion coefficient of the micelle and Daq is the diffusion coefficient of 
the aqueous bulk solution just below the critical micelle concentration, where no micelles 
are present, β is the mole percent of solute in the micelle and (1-β) is the mole percent of 
solute in the bulk aqueous solution with surfactant monomers present [28].   
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The partition coefficient, or micelle solute affinity, of a solute between the micelle and 
the aqueous bulk solution (KMW), discussed in Chapter 1 can be rearranged to be [28]: 
)1(
)1(
CV
C
CV
CAN
K
t
t
MW
−
−
=
β
β
 2.4 
where AN is the aggregation number, Ct is the total solute concentration, V is the molar 
volume of the micellar surfactant, CV is the volume percentage of the micellar phase and 
(1-CV) is the volume percentage of the bulk aqueous phase.  C is the concentration of 
micellized surfactant, obtained from: 
CMCCC S −=  2.5 
where CS is the total surfactant concentration and CMC is the critical micelle 
concentration.  By rearranging equation 2.4, the resulting equation (2.6) is independent of 
Ct. 
CVK
CVAN
MW
)1(11 −+=
β
  2.6 
Solving equation 2.6 for β and substituting into equation 2.3 gives: 
ANCV
CVK
D
CVK
CVAN
DD
MW
aq
MW
M
obs
)1(1
)1(1 −+
+
−+
=  2.7 
To simplify further, let: 
CVK
CVAN
MW
)1( −
=ψ   2.8 
Then, equation 2.7 becomes: 
ψ
ψ 111 +
+
+
= aqMobs
DDD  2.9 
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Overall, Dobs decreases with the inclusion of micelles as compared to the diffusion 
coefficient in aqueous solutions alone by a factor of 2 to 10 depending on the micelle 
solute affinity, KMW.[28, 29]  A decrease in Dobs may increase the B′ and C′ terms of the 
Knox equation and increase the reduced velocity term, ν, which will reduce the negative 
effect on B′ and C′ terms at low flow rates and increase the negative effect at higher flow 
rates.  
 
The diffusion coefficients, Dobs, of each of the alkylphenones in each mobile phase were 
experimentally determined using the Taylor-Aris dispersion technique using a long open 
tube [30-33].  The apparatus was modeled after that adapted to the Taylor-Aris method 
by other workers [28, 34, 35].  A 1585-cm length 316 stainless steel tube (0.020 in. (50.8 
µm) inner diameter, 0.0625 in. (159 µm) outer diameter) (Alltech Associates, Inc. 
Deerfield, IL) was wound into 16 cm coils and placed in a constant temperature water 
bath at 40.0°C +/- 0.1°C.  The same Agilent HP1100 HPLC used in the MLC 
experiments described above was used to measure the diffusion coefficients.  The 
stainless steel tubing was connected directly from the injector to the detector to eliminate 
any other intermediate tubing of varying length and radii.  5 µL injections of each solute 
in its corresponding mobile phase were made in duplicate.  The flow rate was maintained 
at 0.10 mL/min with detection at 254 nm.  Provided that the flow is laminar, a Gaussian 
peak is obtained.  For liquids, the diffusion coefficient may then be calculated from the 
expression[36] 
2
2/1
2
)(
2310.0
W
trD R=  2.10 
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where D is the diffusion coefficient of the solute expressed in cm2/sec, r is the radius of 
the capillary tube expressed in centimeters, tR is the residence time of the solute in the 
tubing expressed in seconds, and W1/2 is the peak width at its half height expressed in 
seconds.  The use of the long tubing helps to minimize secondary flow effects within the 
column, and can be neglected through use of a sufficiently long column of the correct 
radius, flow rate, and coil diameter [34, 37].  The accuracy of the apparatus and 
conditions used was evaluated by measuring acetophenone and heptanophenone with the 
same mobile phase (30% methanol / 70% water) and conditions as previously 
experimentally determined [35].  In addition, the absence of any peak abnormalities such 
as tailing indicated our system was reliable.  Table 2.2 lists the values of the determined 
diffusion coefficients in the various mobile phases.  As was noted above, where the 
surfactant concentration increases, a decrease in the diffusion coefficient was observed. 
 
2.4 Determination of the Terms of the Reduced Parameter Equation  
 
Using the data collected from the various experiments, the values of h and ν were 
calculated for all combinations of mobile phase, flow rate, and column.  Due to the 
excessive retention of the higher alkylphenone homologs on the small-pore Zorbax ODS 
column using micellar mobile phases, it was necessary to use acetophenone and 
propiophenone as test solutes.  The use of the large-pore columns facilitates a shorter 
retention of hydrophobic compounds when micellar mobile phases are employed by 
allowing for the increased penetration of the micelles into the pores [5] where > 99% of  
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Table 2.2.  Diffusion Coefficients at 40°C as measured by the Taylor-Aris method. 
 
 D (x 10-6 cm2/s) 
Solute 
30/70 
MeOH/ 
H2Oa 
30/70 
MeOH/ 
H2O 
45/55 
MeOH/ 
H2O 
5/95 
1-propanol/ 
0.015M 
SDS 
5/95 
1-propanol/ 
0.050M 
SDS 
3/97 
1-butanol/ 
0.015M 
SDS 
3/97 
1-butanol/ 
0.050M 
SDS 
3/2/95 
1-butanol / 
TEA / 
0.050M 
SDS 
3/97 
1-pentanol/ 
0.050M SDS 
acetophenone 8.84 9.46 9.39  6.82  6.88 7.32 7.14 
propiophenone   8.64  4.69  4.69 4.99 4.73 
heptanophenone 5.85 6.85 6.55 2.15 1.67 2.13 1.64 1.63 1.61 
octanophenone   6.22 1.97 1.59 1.86 1.56 1.55 1.55 
nonaphenone   5.99 1.85 1.57 1.79 1.56 1.55 1.55 
   
a For comparison from  reference[35] 
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the stationary phase resides, so that higher alkylphenone homologues (heptanophenone, 
octanophenone, and nonaphenone) were eluted with reasonable retention factors.  The 
Zorbax ODS column was a conventional pore-size (70 Å) control experiment where large 
retention factors in MLC were expected.  Therefore, care should be taken when making a 
direct comparison of the reduced parameters of the Zorbax ODS column to the other 
columns.  Additionally, although the same flow rates were used for all columns, the 
reduced velocity will be somewhat different among the columns for a given mobile phase 
due to differences in linear velocity (which depends on porosity and column inner 
diameter) and particle size, as shown in equation 1.24.  Similarly, for a given column and 
flow rate, the reduced velocity will be significantly different among the different mobile 
phases due to the expected large differences in solute diffusion coefficients (Table 2.2).  
These differences should be considered when making comparisons among the different 
columns or mobile phases. 
 
With the calculated values of h and ν, the A′, B′, and C′ constants of the Knox equation 
(equation 1.21) for each column, analyte and mobile phase were determined by 
graphically fitting the data in Microsoft Excel 2000 using the “linest” function, an 
automated nonlinear least squares function.  To use the linest function, the columns are 
arranged as an array of known X values, in this case ν1/3, 1/ν, and ν, respectively.  The 
results of this method for calculating the A′, B′, and C′ terms were compared to the 
nonlinear least squares approach as described by Berthod [38] and Harris [39] and were 
found to be identical out to several decimal places.  The use of the linest function does 
not require the user to apply the Excel “solver” function as described by Harris for each 
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set of experimental data, therefore saving tremendous time.  In addition, the linest 
function also returns statistical data describing the terms and the fit of the equation.  The 
standard error of each term is returned without the additional work as described by 
Harris.  In this case, the calculation of 116 sets of terms was greatly simplified using the 
linest function. 
 
However, when the plate height data were fitted to the Knox equation, many of the 
calculated coefficients were negative, which is theoretically impossible and results in 
meaningless constants.  The resulting negative coefficients when using the Knox equation 
are attributed to the absence of an observed minimum for most micellar h versus ν plots 
even at very low reduced velocities.  This same observation was made by Berthod [40] 
and Yarmchuk [41] in some of the earlier studies on efficiency in MLC.  Berthod also 
cautioned that the use of the Knox equation for columns exposed to micellar solutions 
may not be appropriate, and separately noted that absence of a clear minimum could 
result in large errors in the B′ term [38].  It is with these thoughts, that a simplified 
modification of the Knox equation is proposed.  Through an iterative approach to model 
the data to an equation similar to the Knox equation, a simplified linear equation 
provided the best overall fit of the sets of data.  This linear equation was compared to the 
Knox equation,  
ν
ν
ν ''' 3/1 CBAh ++=   1.24 
a simplified version of the Knox equation,  
νν '' 3/1 CAh +=  2.11 
64 
 
 
and a van Deemter like equation with reduced parameters introduced by Giddings [42, 
43]. 
ν
ν
''' CBAh ++=  2.12 
Because the longitudinal diffusion related B′ term only contributes significantly at low 
reduced velocities, it may be neglected at higher reduced velocities resulting in the 
following: 
ν'' CAh +=   2.13 
Equation 2.13 is only valid at higher reduced velocities and represents a simplified 
approach to calculating the A′ and C′ constants important in this work.  Table 2.3 shows 
the difference in calculated constants under the hydro-organic mobile phase for selected 
columns using the Knox equation, the reduced parameter equation, and equation 2.13.  
The Knox equation typically showed the lowest A′ and C′ terms, with some negative C′ 
terms.  The reduced parameter equation resulted in an increased A′ term, the highest C′ 
term, and several negative B′ terms for the MLC conditions.  Finally, equation 2.13 
resulted in the highest A′ term, and an increase in C′ term. 
 
The A′ and C′ terms for each column, analyte and mobile phase combination were 
determined by graphically fitting the data in Microsoft Excel 2000 using equation 2.13, 
are listed in Table 2.4 along with the standard error of each term at the 95% confidence 
interval and the R2 value of the fit.  A minimum of three ν values were used for each 
combination, with additional values of ν used where ν > 10.  
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Table 2.3.  A comparison of A′, B′ and C′ terms calculated from the Knox equation, the reduced parameter equation, and equation 
2.13 for selected columns under reversed phase chromatographic conditions. 
 
Column Analyte Method A′ (+/-) B′ (+/-) C′ (+/-) R2 n 
Zorbax ODS propiophenone Knox 1.27 0.02 3.67 0.02 0.12 0.01 1.000 7 
  Reduced Parameter 1.55 0.05 3.37 0.04 0.23 0.01 1.000 7 
  Equation 2.13 2.52 0.09 N/A N/A 0.17 0.01 0.998 3 
           
Chromegabond C8, 1000A nonaphenone Knox 2.44 0.08 7.07 0.07 0.03 0.02 1.000 7 
  Reduced Parameter 3.21 0.21 6.29 0.17 0.23 0.02 0.999 7 
  Equation 2.13 5.28 0.32 N/A N/A 0.11 0.03 0.948 3 
           
Nucleosil C4, 1000A nonaphenone Knox 3.67 0.20 4.24 0.26 0.01 0.03 0.998 7 
  Reduced Parameter 5.57 0.10 2.26 0.12 0.24 0.01 1.000 7 
  Equation 2.13 5.45 0.15 N/A N/A 0.25 0.01 0.999 3 
           
FluoroSep Octyl, 1000A nonaphenone Knox 3.33 0.15 3.77 0.07 0.15 0.03 0.999 7 
  Reduced Parameter 3.98 0.27 3.19 0.13 0.44 0.03 0.998 7 
  Equation 2.13 5.99 0.21 N/A N/A 0.31 0.02 0.997 3 
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Table 2.4.  Comparison of A′ and C′ terms calculated from equation 2.13 for under reversed phase (1) and micellar liquid 
chromatographic (2-5) conditions. 
 
Column 
mobile 
phase 
acetophenone  propiophenone        
A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n      
 
Zorbax ODS 1 4.57 0.26 0.37 0.03 0.994 3 2.52 0.09 0.17 0.01 0.998 3       
 2 8.27 1.3 0.34 0.11 0.909 3 3.30 0.47 0.16 0.03 0.974 3       
 3 6.89 0.87 0.19 0.07 0.887 3 3.71 0.29 0.11 0.02 0.980 3       
 4 5.62 0.75 0.17 0.06 0.871 3 3.07 0.33 0.11 0.02 0.971 3       
  5 6.49 1.1 0.32 0.09 0.934 3 3.97 0.65 0.15 0.03 0.951 3       
 mobile 
phase 
heptanophenone  octanophenone  nonaphenone  
Column A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n 
Kovasil C14 1 8.08 0.66 1.8 0.23 0.983 3 7.09 1.5 0.88 0.49 0.762 3       
 2 13.2 0.19 0.50 0.02 0.999 3 11.4 2.0 0.30 0.17 0.749 3 13.6 0.22 0.07 0.02 0.941 3 
 3 1.60 2.59 3.3 0.23 0.995 3 3.57 2.0 2.5 0.17 0.995 3 4.45 1.5 2.1 0.13 0.996 3 
  4 11.2 0.14 1.98 0.01 1.000 3 9.30 0.08 1.91 0.01 1.000 3 12.6 0.25 1.63 0.02 1.000 3 
Poroshell C3 1 15.7 0.32 0.02 0.01 0.879 5 15.9 0.42 0.04 0.01 0.890 5 13.4 1.54 0.13 0.03 0.891 5 
 2 9.29 1.8 0.05 0.01 0.794 6 11.0 2.3 0.03 0.01 0.602 6 16.6 6.0 0.05 0.03 0.377 6 
  3 5.06 0.35 0.05 0.00 0.993 6 4.75 0.57 0.05 0.00 0.984 6 4.73 0.44 0.07 0.00 0.996 6 
Poroshell C8 1 10.3 0.28 0.03 0.01 0.901 5 5.24 0.15 0.05 0.00 0.990 5 3.40 0.19 0.05 0.00 0.994 5 
 2 10.8 3.4 0.07 0.02 0.731 6 12.5 3.7 0.05 0.02 0.500 6 11.6 7.2 0.15 0.04 0.768 6 
  3 6.12 0.28 0.05 0.00 0.995 6 5.88 0.35 0.05 0.00 0.995 6 6.22 0.55 0.07 0.00 0.993 6 
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Table 2.4. (continued)                   
                    
                    
 mobile 
phase 
heptanophenone  octanophenone  nonaphenone  
Column A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n 
Poroshell C18 1 3.81 0.42 0.06 0.01 0.958 5 2.82 0.38 0.06 0.01 0.959 5 2.34 0.33 0.05 0.01 0.965 5 
 2 8.99 2.4 0.09 0.02 0.889 6 8.76 2.1 0.08 0.01 0.901 6 8.96 4.09 0.10 0.02 0.817 6 
  3 10.9 0.67 0.06 0.00 0.983 6 10.5 0.94 0.06 0.01 0.976 6 10.2 0.93 0.09 0.00 0.987 6 
Nucleosil C4 1 6.30 0.31 0.26 0.02 0.995 3 5.43 0.21 0.24 0.01 0.997 3 5.45 0.15 0.25 0.01 0.999 3 
 2 5.44 0.05 0.07 0.00 1.000 5 5.43 0.17 0.06 0.00 0.996 5 6.18 0.22 0.09 0.00 0.996 5 
 3 6.45 0.40 0.10 0.01 0.982 5 6.16 0.09 0.10 0.00 0.999 5 6.56 0.16 0.12 0.00 0.998 5 
 4 3.11 0.29 0.08 0.01 0.985 5 3.18 0.31 0.09 0.01 0.987 5 3.38 0.33 0.11 0.01 0.990 5 
  5 5.88 0.45 0.10 0.01 0.978 5 6.07 0.35 0.11 0.01 0.989 5 6.85 0.34 0.11 0.01 0.991 5 
Chromegabond 
C3 
1 7.39 0.01 0.49 0.00 1.000 3 7.64 0.32 0.39 0.03 0.995 3 8.75 0.09 0.37 0.01 1.000 3 
2 8.11 1.7 0.09 0.04 0.680 4 9.01 1.5 0.07 0.04 0.619 4 9.54 1.3 0.08 0.03 0.779 4 
 3 7.42 0.72 0.10 0.02 0.942 4 7.11 0.46 0.11 0.01 0.979 4 7.65 0.35 0.12 0.01 0.991 4 
  4 4.74 0.23 0.10 0.01 0.989 4 4.68 0.23 0.11 0.01 0.990 4 5.11 0.28 0.12 0.01 0.990 4 
Chromegabond 
Phenyl 
1 9.78 0.58 0.37 0.05 0.981 3 10.4 0.28 0.43 0.02 0.997 3 12.3 0.66 0.49 0.05 0.989 3 
2 7.32 0.47 0.11 0.01 0.978 4 7.96 0.44 0.12 0.01 0.985 4 8.63 0.53 0.16 0.01 0.987 4 
 3 9.12 0.28 0.12 0.01 0.994 4 9.48 0.32 0.14 0.01 0.994 4 10.6 0.40 0.18 0.01 0.994 4 
  4 7.78 0.36 0.13 0.01 0.983 4 8.19 0.49 0.14 0.01 0.975 4 8.86 0.57 0.17 0.01 0.978 4 
FluoroSep 
Phenyl 
1 42.0 2.3 0.91 0.20 0.952 3 51.9 3.8 1.8 0.32 0.969 3 66.8 0.84 1.50 0.07 0.998 3 
2 18.6 2.1 0.12 0.05 0.735 4 20.6 2.0 0.17 0.05 0.857 4 18.0 1.6 0.17 0.04 0.902 4 
 3 21.2 1.5 0.14 0.04 0.882 4 21.4 1.3 0.29 0.03 0.977 4 19.2 1.5 0.25 0.04 0.959 4 
  4 20.7 1.2 0.15 0.03 0.925 4 23.5 1.3 0.17 0.03 0.938 4 26.0 1.5 0.28 0.04 0.970 4 
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Table 2.4. (continued)                   
                    
                    
 mobile 
phase 
heptanophenone  octanophenone  nonaphenone  
Column A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n A′ (+/-) C′ (+/-) R2 n 
Chromegabond 
C8 
1 5.52 0.40 0.15 0.03 0.949 3 5.38 0.08 0.13 0.01 0.997 3 5.28 0.32 0.11 0.03 0.948 3 
2 7.33 0.42 0.09 0.01 0.974 4 7.53 0.48 0.10 0.01 0.974 4 8.09 0.59 0.12 0.01 0.974 4 
 3 5.90 0.48 0.17 0.01 0.990 4 6.99 0.71 0.15 0.02 0.975 4 7.81 0.60 0.17 0.01 0.986 4 
 4 3.48 0.26 0.12 0.01 0.990 4 3.70 0.30 0.12 0.01 0.988 4 4.08 0.30 0.15 0.01 0.992 4 
  5 9.86 0.96 0.18 0.02 0.967 4 9.32 1.5 0.20 0.04 0.941 4 9.94 0.80 0.21 0.02 0.985 4 
FluoroSep 
Octyl 
1 6.54 0.91 0.24 0.08 0.904 3 5.99 0.53 0.29 0.04 0.978 3 5.99 0.21 0.31 0.02 0.997 3 
2 8.05 0.11 -0.02 0.00 0.976 4 5.22 0.40 -0.01 0.01 0.368 4 6.96 0.40 -0.01 0.01 0.237 4 
 3 11.3 1.0 0.10 0.03 0.898 4 11.8 0.82 0.11 0.02 0.941 4 12.9 0.61 0.13 0.01 0.975 4 
 4 10.7 0.82 0.07 0.02 0.855 4 10.8 0.82 0.08 0.02 0.892 4 10.5 1.4 0.11 0.03 0.853 4 
  5 16.7 1.3 0.13 0.03 0.906 4 17.9 1.2 0.14 0.03 0.925 4 19.1 1.2 0.17 0.03 0.948 4 
mobile phase: 1) 45/55 methanol/water, 2) 5/95 1-propanol/50 mM SDS, 3) 3/97 1-butanol/50 mM SDS, 4) 3/2/95 1-
butanol/TEA/50 mM SDS, 5) 3/97 1-pentanol/50 mM SDS 
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Despite use of the simplified equation 2.13, a negative C′ term was calculated for two 
analytes using the FluoroSep Propyl column with hydro-organic mobile phase.  Typical 
values of N for this column were in the low hundreds in all cases, which result in h versus 
ν plots that do not fit the classical case.  As a result, the calculated coefficients are not 
reported as they did not yield meaningful results.  A slightly negative C′ term was also  
observed for the FluoroSep Octyl column with the 5/95 propanol/50mM SDS mobile 
phase.  In this case, the C′ values were not statistically different from zero for 
octanophenone and nonaphenone, -0.01 with a standard error of +/- 0.01 in each case.  
The C′ term for heptanophenone was, however, statistically different from zero, albeit 
just past the threshold, C′ was -0.02, with a standard error of 0.003.  The negative 
coefficients were caused by a slight decrease in reduced plate height as reduced velocity 
increased, as opposed to the typical reverse situation.  For example, the analysis of 
heptanophenone ranged from h = 7.75 (N = 2581) at ν = 15.6 to h = 6.65 (N = 3007) at ν 
= 59.6.  Finally, a large negative C′ term was obtained for the Kovasil C14 column using 
nonaphenone with the methanol/water mobile phase; this result was discarded as an 
outlier and omitted from Table 2.4. 
 
2.5  Results and Discussion 
 
  2.5.1  Reduced Parameter Plots 
 
When interpreting results from reduced parameter plots, it is generally accepted that a 
well-packed column is represented by a minimum reduced plate height of four or less.  If 
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h is found to be less than 3 when ν is in the range of 3 – 10, or h < 10, when ν ≈ 100, then 
the column is considered well packed with a low A′ term (little flow anisotropy).  For a 
quick determination of a “good” column, h should not exceed 3 or 4 at ν = 5 and should 
not exceed 10 – 20 at ν =100 [44]. 
 
Figures 2.2 and 2.3 shows the h versus ν plots of acetophenone and propiophenone using 
the Zorbax ODS column with 70 Å pore size for the five mobile phases tested.  The mass 
transfer contribution from the C′ term is approximated by the slope of the curve at higher 
reduced velocities.  The increase in reduced plate height at higher reduced velocities for 
the micellar mobile phases indicates a higher resistance to mass transfer as compared to 
the hydro-organic mobile phase with the exception of the 1-butanol/triethylamine 
modified mobile phase. 
 
As was expected, the propanol, butanol, and pentanol modified micellar mobile phases 
have reduced plate heights greater than those of the hydro-organic mobile phase at 
similar reduced velocities.  However, the 1-butanol/triethylamine modified mobile phase 
actually showed lower reduced plate heights than any other mobile phase including the 
hydro-organic mobile phase at the higher reduced velocities, and comparable reduced 
plate heights at lower reduced velocities.   The calculated A′ and C′ terms shown in Table 
2.4 are also lowest for the 1-butanol/triethylamine mobile phase among the micellar 
phases and only the A′ term is slightly lower for the hydro-organic mobile phase.   
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Figure 2.2.  Reduced parameter plot of acetophenone: Zorbax ODS in 45/55 MeOH/water 
(♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 3/97 1-
pentanol/50mM SDS (+), 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.3.  Reduced parameter plot of propiophenone: Zorbax ODS in 45/55 
MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 
3/97 1-pentanol/50mM SDS (+), 3/2/95 1-butanol/TEA/50mM SDS ().
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Overall, among the micellar mobile phases, the reduced plate heights for propiophenone 
decreased in the order of organic modifiers:  1-propanol > 1-pentanol > 1-butanol > 1-
butanol/TEA for acetophenone, and 1-pentanol > 1-propanol > 1-butanol > 1-
butanol/TEA.  Figure 2.4 shows a sample chromatogram for each of the mobile phases at 
1.1 mL/min for both acetophenone and propiophenone for illustration. 
 
The Kovasil C14 non-porous column reduced parameter plot shown in Figure 2.5 
demonstrates the effect of eliminating intraparticle (within-pore) mass transfer for 
heptanophenone.  Because the packing is nonporous, the mass transfer contributions are 
solely from stationary phase mass transfer and interstitial (interparticle) mobile phase 
mass transfer.  Figure 2.5 shows an increase in slope at the higher reduced velocities for 
heptanophenone in the micellar mobile phases.  This indicates that there is some 
resistance to mass transfer due only to the interstitial and interfacial mass transfer from 
surfactant adsorption.  The reduced parameter plots for octanophenone and nonaphenone 
were similar to those of heptanophenone.  In all cases, the reduced velocities are lower 
than those of the other columns studied (less than 15) due to the flow rate restrictions of 
the column.  At ν=5, h is approximately 15 for the 1-propanol modified mobile phase and 
approaching 25 for the 1-butanol modified mobile phase.  Both micellar mobile phases 
yielded higher h values than the hydro-organic mobile phase, however, none of the 
mobile phases yielded acceptable reduced plate heights for this column.  The generally 
flat profile of the 1-propanol micellar mobile phase also suggests that the differences in h 
between the micellar and hydro-organic mobile phases at lower reduced velocities may 
be due to increased flow anisotropy magnified by the surfactant adsorption onto the 
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Figure 2.4.  Separation of (1) acetophenone and (2) propiophenone on a Zorbax C18 70 Å column at 40°C.  The flow rate used was 
1.1 mL/min, λ = 254 nm, mobile phase: (A) 45/55 MeOH/water, (B) 5/95 1-propanol/50mM SDS, (C) 3/97 1-butanol/50mM SDS, 
(D) 3/97 1-pentanol/50mM SDS, and (E) 3/2/95 1-butanol/TEA/50mM SDS. 
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Figure 2.5.  Reduced parameter plot of heptanophenone: Kovasil C14 non-porous in 45/55 
MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 
3/97 1-pentanol/50mM SDS (+), 3/2/95 1-butanol/TEA/50mM SDS (). 
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stationary phase as also shown by the large A′ term for the 1 -propanol micellar mobile 
phase in Table 2.4.  Although 5% 1-propanol was added to the mobile phase, a previous 
study by Hinze and coworkers showed that only a modest reduction in adsorbed 
surfactant on a C18 column could be expected with 5% propanol in the mobile phase, i.e., 
28% in the previous study [45].  Since the polarity of C18 and C14 are similar, the amount 
of adsorbed surfactant on the C14 column should also be similar which will continue to 
affect the flow anisotropy and mass transfer. 
 
To further evaluate MLC efficiency under conditions of reduced intraparticle (within 
pore) mass transfer, three superficially porous Poroshell columns were obtained from 
Agilent Technologies, Inc. Wilmington, DE.  The Poroshell columns contain particles 
with a solid core of silica in the center, surrounded by a thin layer of 300 Å porous silica, 
rather than a completely porous silica particle.  Their specific surface area is between that 
of conventional porous bonded-phase silica and nonporous bonded-phase silica.  The 
primary application of these columns is for protein analysis since their pore size is large 
enough to allow most proteins to enter the pores while their relatively shallow pore depth 
should greatly reduce intraparticle mass transfer resulting from the slow diffusion of large 
compounds in the stagnant mobile phase within the pore.  It was expected that the mass 
transfer effects experienced by proteins would be similar to that of small molecules in 
MLC with significant interactions with micelles.   
 
Figures 2.6, 2.7, and 2.8 show the reduced parameter plots for heptanophenone for the C3, 
C8 and C18 Poroshell columns respectively.  As the chain length (and polarity) of the 
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Figure 2.6.  Reduced parameter plot of heptanophenone: Poroshell C3 300 Å in 45/55 
MeOH/water (♦) and 5/95 1-propanol/15mM SDS (), 3/97 1-butanol/50mM SDS (▲). 
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Figure 2.7.  Reduced parameter plot of heptanophenone: Poroshell C8 300 Å in 45/55 
MeOH/water (♦) and 5/95 1-propanol/15mM SDS (), 3/97 1-butanol/50mM SDS (▲). 
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Figure 2.8.  Reduced parameter plot of heptanophenone: Poroshell C18 300 Å in 45/55 
MeOH/water (♦), 5/95 1-propanol/15mM SDS (), 3/97 1-butanol/50mM SDS (▲). 
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stationary phase decreases from C18 to C3, there is an observed improvement in the 
micellar mobile phase reduced plate height compared to that of the hydro-organic mobile 
phase for the Poroshell columns.  The reduced plate height for the Poroshell C3 column 
was approximately 4.5 at ν=10, and was approximately 11 at ν=100 for the 1-butanol 
modified mobile phase, indicating that the column performed well under these conditions 
[44].  A comparison of the reduced parameter plots of the three Poroshell columns, C3, C8 
and C18, showed that the C3 column showed the greatest net improvement in efficiency 
from hydro-organic to micellar mobile phase, especially with respect to the 1-butanol 
modified mobile phase.  It is assumed that this is due to the decreased adsorbed surfactant 
on the C3 column as compared to the C8 and C18 columns.  The amount of surfactant 
adsorbed by a C8 column has previously been shown to be substantially less than that 
adsorbed by a C18 column [20].  However, there does not appear to be an overall 
improvement in efficiency based solely on the superficially porous material, as the C18 
and C8 columns show little or no improvement in h for the micellar mobile phases.  The 
apparent lack of overall improvement in efficiency in both the non-porous and Poroshell 
columns suggests that as expected, the intraparticle mass transfer is not a dominant factor 
in the loss of efficiency.  However, the reduced parameter plots from the Poroshell 
columns do support the effect of improved efficiency in MLC related to the alkyl chain 
length of the stationary phase. 
 
As has been previously observed, [20, 46], the use of shorter alkyl chain bonded phases is 
a useful approach for achieving better efficiency in MLC since the adsorption of 
surfactant molecules is less on these phases.  Cline-Love showed that a C1 column had 
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unique selectivity properties over a traditional C18 column [47].  One interesting finding 
from Berthod [20] was that a C1 column had the greatest amount of adsorbed surfactant 
as compared to C18, C8, CN and bare silica columns.  This was unexpected and they 
concluded that the mechanism for adsorption onto moderately polar stationary phases, 
like C1, is not only due to hydrophobic interactions, but possible silanophilic interactions.  
Therefore, a slightly less polar stationary phase, C4, was chosen in the hope that less 
surfactant adsorption would occur.  Berthod did not study a C4 column, however, the C8 
column showed the least amount of adsorbed surfactant of the columns he examined. 
 
Figures 2.9, 2.10 and 2.11 clearly show the superior efficiency obtained on the Nucleosil 
C4, 1000 Å stationary phase using all four different modified micellar mobile phases 
compared to the hydro-organic mobile phase for heptanophenone, octanophenone and 
nonaphenone, respectively.  For all analytes, the greatest improvement was observed with 
the 1-butanol/TEA modified mobile phase followed by 1-propanol and essentially no 
observable difference between 1-pentanol and 1-butanol.  In addition, at ν=5, plate 
heights obtained with all four micellar mobile phases were in the range of h = 4.5 – 6.5, 
and the column would be considered well packed.  A comparison of the coefficients from 
Table 2.4, for the four micellar mobiles phases shows that the C′ terms are similar with a 
clearly lower A′ term for the 1-butanol/TEA mobile phase followed by increases in the 
order of 1-propanol, 1-pentanol, and 1-butanol.  These data suggest less adsorbed 
surfactant on the Nucleosil C4 stationary phase with the 1-butanol/TEA modified mobile 
phase.  The Nucleosil C4 column also had the lowest h and highest absolute number of 
theoretical plates of any column tested for all micellar mobile phases.  The underivatized 
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Figure 2.9.  Reduced parameter plot of heptanophenone: Nucleosil C4 1000 Å in 45/55 
MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 
3/97 1-pentanol/50mM SDS (+), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.10.  Reduced parameter plot of octanophenone: Nucleosil C4 1000 Å in 45/55 
MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 
3/97 1-pentanol/50mM SDS (+), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.11.  Reduced parameter plot of nonaphenone: Nucleosil C4 1000 Å in 45/55 
MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS (▲), 
3/97 1-pentanol/50mM SDS (+), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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surface area of the Chromegabond columns is two-thirds that of the Nucleosil C4 column 
which should result in a higher derivatized surface area for the Nucleosil C4 column than 
the Chromegabond columns.  Since pore volumes are roughly equivalent for the columns, 
the increase in efficiency must be related to the derivatized surface area of the Nucleosil 
C4 column.  Interestingly, the improved efficiency was observed despite the fact that the 
silica particle size used in the Nucleosil C4 columns is larger than that of the 
Chromegabond columns (7 versus 5 µm).  A higher bonding density on the C4 column 
could result in an overall lower amount of adsorbed surfactant as there would be fewer 
free silanols and potential adsorption sites for the surfactant as opposed to the other 
columns.  This would allow for greater reduced mass transfer and flow anisotropy, as 
corroborated by the lower calculated A′ and C′ for the Nucleosil C4 column. 
 
Figure 2.12 gives a representative chromatogram of the five mobile phases for the 
alkylphenones at 1.1 mL/min.  As stated above, it is visually observed that the 
heptanophenone peaks in Figure 2.12C, D and E have good peak shape and are 
comparable to that of the hydro-organic mobile phase shown in Figure 2.12A. 
 
The use of fluorinated columns in MLC was first reported by Yang and Khaledi [48, 49] 
in 1994.  They reported both decreased retention and improved efficiencies using a 
standard pore size fluorooctyl (FO) column.  Three separate fluorinated stationary phases 
with 1000 Å pore size were evaluated and compared to their equivalent non-fluorinated 
phases stationary phases.  The phases selected were phenyl, propyl (C3), and octyl (C8).  
The aim of these experiments was to explore the possible extent of reduced  
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Figure 2.12.  Separation of (1) heptanophenone, (2) octanophenone, and (3) nonaphenone on a Nucleosil C4 1000 Å column at 40°C.  
The flow rate used was 1.1 mL/min, λ = 254 nm, mobile phase: (A) 45/55 MeOH/water, (B) 5/95 1-propanol/50mM SDS, (C) 3/97 1-
butanol/50mM SDS, (D) 3/97 1-pentanol/50mM SDS, and (E) 3/2/95 1-butanol/TEA/50mM SDS. 
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surfactant adsorption using a fluorinated stationary phase and to observe the effects of 
other shorter alkyl chain and non-alkyl chain bonded phases. 
 
Among the fluorinated columns, the reduced plate height decreased in the order of 
propyl, phenyl and octyl for the micellar mobile phases.  For both the propyl and phenyl  
fluorinated columns, all micellar mobile phases showed much lower reduced plate 
heights as compared to the hydro-organic mobile phases.  This is likely due to the 
experimental design of maintaining a single hydro-organic mobile as a control mobile 
phase, which was not optimized for each individual column. 
 
Figures 2.13 and 2.14 show the reduced parameter plots for the C3 and fluorinated propyl 
columns for heptanophenone.  For the micellar mobile phases, the C3 column approaches 
reduced plate heights of 6 or 7, while the fluorinated propyl column has a minimum h of 
about 16.  The calculated A′ and C′ terms for the C3 column from Table 2.4 also show 
comparable C′ terms with the Nucleosil C4, but larger A′ terms.  This would suggest that 
the mass transfer rates for both short alkyl chain columns are similar, but the flow 
anisotropy is lower in the Nucleosil C4 column than the Chromegabond C3 column.  
Overall, the Nucleosil C4 had lower reduced plate heights and performed better than the 
Chromegabond C3, which can also been seen by the peak shapes in Figure 2.15 for 
heptanophenone at 1.1 mL/min. 
 
Figures 2.16 and 2.17 give the heptanophenone h versus ν plots for the phenyl and 
fluorinated phenyl columns.  Overall results for the non-fluorinated column were superior
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Figure 2.13.  Reduced parameter plot of heptanophenone: Chromegabond C3 1000 Å in 
45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS 
(▲), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.14.  Reduced parameter plot of heptanophenone: FluoroSep Propyl 1000 Å in 
45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS 
(▲), and 3/2/95 1-butanol/TEA/50mM SDS ().
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Figure 2.15.  Separation of (1) heptanophenone and (2) octanophenone on a Chromegabond C3 1000 Å column at 40°C.  The flow 
rate used was 1.1 mL/min, λ = 254 nm, mobile phase: (A) 45/55 MeOH/water, (B) 5/95 1-propanol/50mM SDS, (C) 3/97 1-
butanol/50mM SDS, (D) 3/2/95 1-butanol/TEA/50mM SDS. 
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Figure 2.16.  Reduced parameter plot of heptanophenone: Chromegabond Phenyl 1000 Å 
in 45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS 
(▲), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.17.  Reduced parameter plot of heptanophenone: FluoroSep Phenyl 1000 Å in 
45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (), 3/97 1-butanol/50mM SDS 
(▲), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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to the fluorinated phenyl column.  The reduced plate heights for the phenyl column 
ranged from 6.5 to 16 among the micellar mobile phases, slightly higher than the 
Chromegabond C3 column, but still not be considered ideal.  The fluorinated phenyl 
column had reduced plate height values above 10 for all micellar mobile phases tested 
with absolute N values in the hundreds, which would not be acceptable for general use. 
 
Lastly, Figures 2.18 and 2.19 show the h versus ν plots for heptanophenone for the C8 
and fluorooctyl columns, with representative chromatograms shown in Figures 2.20 and 
2.21.  The fluorinated octyl column had the overall lowest reduced plate heights among 
the three fluorinated columns.  The 1-propanol modified micellar mobile phase did show 
improved efficiency versus the hydro-organic mobile phase.  The 1-butanol/TEA and 1-
butanol only mobile phases showed only slightly less efficiency than the hydro-organic 
mobile phase, followed by the 1-pentanol modified micellar mobile phase.  The 
fluorooctyl column also proved to be the only fluorinated stationary phase examined that 
was as efficient as its non-fluorinated counterpart for any mobile phase. 
 
The fluorooctyl column with 1-propanol modified micellar mobile phase showed 
improved efficiency over the non-fluorinated octyl column.  From Table 2.4, the A′ term 
for the fluorinated octyl column was higher than the A′ term for the corresponding non-
fluorinated octyl column in each case except with octanophenone and nonaphenone using 
the 1-propanol modified mobile phase.  However, the C′ term was consistently lower for 
each micellar mobile phase and analyte.  The improvement in the C′ term suggests that 
there is better mass transfer using the fluorooctyl column with micellar mobile phases.
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Figure 2.18.  Reduced parameter plot of heptanophenone: Chromegabond C8 1000 Å in 
45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (n), 3/97 1-butanol/50mM SDS 
(▲), 3/97 1-pentanol/50mM SDS (+), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.19.  Reduced parameter plot of heptanophenone: FluoroSep Octyl 1000 Å in 
45/55 MeOH/water (♦), 5/95 1-propanol/50mM SDS (n), 3/97 1-butanol/50mM SDS 
(▲), 3/97 1-pentanol/50mM SDS (+), and 3/2/95 1-butanol/TEA/50mM SDS (). 
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Figure 2.20.  Separation of (1) heptanophenone on a Chromegabond C8 1000 Å column at 40°C.  The flow rate used was 1.1 mL/min, 
λ = 254 nm, mobile phase: (A) 45/55 MeOH/water, (B) 5/95 1-propanol/50mM SDS, (C) 3/97 1-butanol/50mM SDS, (D) 3/97 1-
pentanol/50mM SDS, and (E) 3/2/95 1-butanol/TEA/50mM SDS. 
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Figure 2.21.  Separation of (1) heptanophenone on a FluoroSep Octyl 1000 Å column at 40°C.  The flow rate used was 1.1 mL/min, λ 
= 254 nm, mobile phase: (A) 45/55 MeOH/water, (B) 5/95 1-propanol/50mM SDS, (C) 3/97 1-butanol/50mM SDS, (D) 3/97 1-
pentanol/50mM SDS, and (E) 3/2/95 1-butanol/TEA/50mM SDS. 
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This may be due to less adsorbed surfactant on the fluorinated octyl phase compared to 
the non-fluorinated octyl phase.  The higher A′ terms for the fluorinated columns 
however, are indicative of band broadening due to increased eddy diffusion which may 
be caused simply by a difference in the quality of the packing procedure, or due to the 
modification of the stationary phase due to adsorbed surfactant.  When using 1-propanol 
as the micellar mobile phase alcohol modifier, both the A′ and C′ terms for the 
fluorooctyl column were lower than that of the Chromegabond C8 for octanophenone and 
nonaphenone suggesting that the combination of mobile phase additive and column 
chemistry can significantly influence the amount of surfactant adsorption. 
 
Overall, the stationary phases that showed the greatest relative improvements in 
efficiency (compared to that observed with the hydro-organic mobile phase) were the 
large pore Nucleosil C4, Chromegabond C3 and Chromegabond C8 columns.  These 
columns also had among the highest number of theoretical plates, lowest reduced plate 
heights, and lowest A′ and C′ terms among all the columns with the various mobile 
phases.  Table 2.5 provides a summary of retention factor, number of plates, and reduced 
plate height for the various columns at a flow rate of 1.1 mL/min using MLC and hydro-
organic mobile phases, except for the Kovasil C14, where 0.7 mL/min was the maximum 
flow rate.  Although these flow rates do not necessarily correspond to the reduced 
velocity where the reduced plate height is at a minimum from the h versus ν plots, they 
do represent a typical flow rate used in HPLC applications.  All theoretical plate counts 
reported were calculated by the statistical moments method and are generally somewhat 
lower than those calculated by equations based on Gaussian peak shapes [27, 50].
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Table 2.5.  Comparison of k, h and N observed under reversed phase and MLC conditions 
at 1.1 mL/min for all columns except Kovasil C14 (0.7 mL/min). 
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Column 
mobile 
phase k k   N N   h h  
Zorbax ODS 1 2.9 6.7   6500 12100   8.7 4.1  
 2 7.5 14   4240 8520   12 5.9  
 3 5.5 11   5650 9010   8.9 5.5  
 4 5.2 11   6970 10500   7.2 4.8  
  5 4.1 8.5     5050 7750     9.9 6.5   
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Column 
mobile 
phase k k k  N N N  h h h 
Kovasil C14 1 7.4 17 37  1570 2340 2900  15 11 7.6 
 2 2.4 3.0 3.8  1080 1350 1490  20 16 15 
 3 1.7 2.2 2.6  437 535 601  50 41 37 
  4 1.7 1.9 2.1   511 530 547   43 42 40 
Poroshell C3 1 0.84 1.4 2.5  893 826 684  17 18 22 
 2 21 28 36  806 776 497  19 19 31 
  3 6.5 7.9 9.3   975 937 679   15 16 22 
Poroshell C8 1 3.4 6.9 14  1200 1740 2070  13 8.6 7.3 
 2 15 20 26  534 615 263  28 24 57 
  3 7.7 9.8 11.9   883 814 631   17 18 24 
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Column 
mobile 
phase k k k  N N N  h h h 
Poroshell C18 1 7.6 17 37  1740 2070 2300  8.7 7.2 6.5 
 2 16 23 31  466 547 440  32 28 35 
  3 9.4 13 16   617 569 472   24 26 32 
Nucleosil C4 1 1.4 2.6 4.7  3400 3800 3660  10 9.4 10 
 2 2.0 2.4 2.9  3730 3750 3040  10 9.5 12 
 3 1.2 1.4 1.6  2830 2770 2510  13 13 14 
 4 2.4 2.6 2.6  4420 4020 3490  8.1 8.9 10 
  5 0.80 0.84 0.85   2880 2740 2460   12 13 15 
Chromegabond C3 1 1.7 3.2 5.8  1580 1640 1530  13 12 13 
 2 2.8 3.4 4.1  1690 1700 1570  12 12 13 
 3 2.0 2.3 2.6  1630 1630 1490  12 12 13 
  4 1.7 1.8 1.9   2170 2100 1840   9.2 9.5 11 
FluoroSep-RP 
Propyl 1 1.2 2.2 4.4  269 157 96  74 128 209 
 2 2.7 3.2 3.7  514 410 327  39 49 61 
 3 2.0 2.3 2.5  489 395 319  41 51 63 
  4 1.6 1.6 1.6   660 565 459   30 35 44 
Chromegabond 
Phenyl 1 3.0 5.5 10  1480 1300 1120  14 15 18 
 2 3.2 3.8 4.4  1640 1490 1260  12 13 16 
 3 2.5 2.9 3.2  1370 1240 1060  15 16 19 
  4 2.2 2.3 2.3   1450 1350 1170   14 15 17 
FluoroSep Phenyl 1 3.9 7.6 15  380 283 236  53 71 85 
 2 4.8 5.8 6.9  845 729 593  24 27 25 
 3 3.6 4.2 4.8  718 574 482  28 35 31 
  4 2.7 2.9 2.9   725 630 506   28 32 40 
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Column 
mobile 
phase k k k  N N N  h h h 
Chromegabond C8 1 4.8 9.9 20  2730 2900 2970  7.3 6.9 6.7 
 2 2.6 3.2 3.8  1770 1640 1440  11 12 14 
 3 1.8 2.1 2.4  1540 1400 1250  13 14 16 
 4 1.8 1.9 1.9  2270 2110 1800  8.8 9.5 11 
  5 0.82 0.89 0.91   1140 1080 1010   18 19 20 
FluoroSep Octyl 1 1.5 2.8 5.1  2080 2090 2040  10 10 10 
 2 2.8 3.3 3.8  2860 4370 3100  7.0 4.6 6.5 
 3 2.0 2.3 2.5  1230 1180 1060  16 17 19 
 4 1.7 1.8 1.8  1440 1380 1250  14 14 16 
  5 0.90 0.93 0.91   862 809 727   23 25 28 
mobile phase: 
1) 45/55 methanol/water 
2) 5/95 1-propanol/50 mM SDS (15mM SDS for Poroshell columns) 
3) 3/97 1-butanol/50 mM SDS (15 mM SDS for Poroshell columns) 
4) 3/2/95 1-butanol/TEA/50 mM SDS 
5) 3/97 1-pentanol/50 mM SDS 
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The improvement in efficiencies for the C3, C4 and C8 columns and the lower A′ and C′ 
terms are all indicative of reduced amounts of surfactant adsorbed onto the stationary 
phase.  Lower amounts of adsorbed anionic surfactant on shorter alkyl chain length 
stationary phases are plausible due an overall lower affinity of the former for the latter 
that has been observed elsewhere [10, 20, 21, 40, 45, 47].  Adsorbed surfactant on a given 
stationary phase should give rise to an increase in interfacial viscosity, which would 
decrease the mass transfer capability in this region.  Thus, a reduced amount of adsorbed 
surfactant results in an increase in interfacial mass transfer over other surfactant modified 
stationary phases as well as a smaller increase in flow anisotropy, providing an increase 
in overall column efficiency. 
 
When comparing the micellar mobile phases to one another, it can be seen from Table 2.4 
that both A′ and C′ terms were consistently lower for most of the column and analyte 
combinations employed with the 1-butanol/triethylamine modified mobile phase than any 
of the other micellar mobile phases.  The most significant improvements were again for 
the Nucleosil C4, Chromegabond C3 and Chromegabond C8 columns.  From Table 2.5, it 
can also been seen that micellar mobile phase containing 1-butanol/triethylamine also had 
lower values of h and higher absolute values of N for most columns where this mobile 
phase combination was used.  For example, the Nucleosil C4 and Chromegabond C3 
columns showed a 29% and 39% improvement for number of theoretical plates for 
heptanophenone at 1.1 mL/min for the 1-butanol/TEA mobile phase over the 
methanol/water mobile phase. 
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It is also observed from Table 2.5 that the Zorbax ODS column with 70 Å pore size 
showed the highest absolute N value (11,000) and lowest h value (4.8) for all columns 
using the 1-butanol/triethylamine modified mobile phase with propiophenone as the 
analyte.  The similarity in efficiency of the 1-butanol/triethylamine containing micellar 
mobile phase and the hydro-organic mobile phase for the Zorbax ODS column is 
significant since this column was the most difficult to improve using other micellar 
mobile phases and was used as the control column.  Large improvements in efficiency 
over the methanol/water mobile phase with the 1-butanol/triethylamine modified mobile 
phase were also observed for the Chromegabond C8 (38%) and FluoroSep Octyl (16%) 
columns.  In both cases, the calculated A′ and C′ terms were also significantly lower for 
all compounds observed.  Results for the 1000 Å Chromegabond C3 column showed 
similar improvement.  A comparison of the coefficients for the micellar mobile phases 
shows that the A′ terms for both columns are much lower with the 1-
butanol/triethylamine modified mobile phase, while the C′ term is also lower for the 
Nucleosil C4 column and statistically equivalent for the Chromegabond C3 column. 
 
2.5.2 Substituted Benzene Experiments. 
 
The improved efficiency observed using the 1-butanol/triethylamine modified mobile 
phase led to a second set of MLC experiments conducted to analyze a mixture of nine 
substituted benzene compounds with the 1-butanol/triethylamine mobile phase 
combination.  The compounds were analyzed using seven of the twelve HPLC columns 
previously used in Table 2.1 (all columns except the three Poroshell columns, 
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Chromegabond phenyl and FluoroSep phenyl).  For the Nucleosil C4 column only, two 
additional mobile phases were used for comparison purposes.  One was a micellar mobile 
phase with SDS and 1-butanol only and the second was a hydro-organic mobile phase 
consisting of 45% methanol / 55% H2O.  Where baseline resolution was not achieved in 
the injection of the mixed solution, individual compounds were injected to provide 
accurate calculations of N.  Table 2.6 lists the theoretical plate values for the various 
columns and analytes and corresponding retention factors for the Nucleosil C4 column.  
The Nucleosil C4 showed much higher values of N than any other column, followed by 
the Zorbax ODS and the Chromegabond C3 and C8, again confirming the improved 
efficiency results observed in the h versus ν experiments. 
 
When comparing peak efficiencies for the three mobile phases used on the Nucleosil C4 
column, retention factors must also be considered.  Berthod [29] has shown that actual 
column efficiency is underestimated at lower retention factors of k < 3.  As k increases, 
experimentally determined theoretical plate values asymptotically approach the actual 
theoretical plate values and are essentially equal above k = 5.  This is due to the greater 
significance of the contribution of the external band broadening factors , σ2inj + σ2det from 
equation 1.14.  As the retention factor increases, the contribution from external band 
broadening sources become less significant and experimentally determined values of N 
approach the actual values.  For the Nucleosil C4 column, the retention factors of the 1- 
butanol/TEA and 1-butanol only modified micellar mobile phases are similar enough for 
analytes at the lower retention factors (benzyl alcohol through toluene) to allow for 
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Table 2.6.  Comparison of MLC efficiency (N) obtained on several reversed phase columns using 3/2/95 1-butanol/TEA/0.015 M 
SDS. Flow rate was 1.5 mL/min except for Kovasil C14, which was 0.7 mL/min.  Results for Nucleosil C4 obtained with 1  3/97 1-
butanol/0.015 M SDS and 2 45/55 MeOH/H2O are also provided. 
 
 
k 
Nucleosil C4 
k 
Nucleosil C4 1 
k 
Nucleosil C4 2 
N 
Nucleosil C4 
N 
Nucleosil C4 1 
N 
Nucleosil C4 2 
Benzyl alcohol 0.28 0.24 0.13 4140 3680 2960 
Phenol 0.49 0.28 0.13 4420 3540 2790 
Nitrobenzene 0.93 0.68 0.19 4770 4680 3360 
Methyl Benzoate 1.4 1.3 0.27 5640 5900 3740 
2-Nitrotoluene 1.9 1.5 0.29 6030 5820 3650 
Toluene 2.6 2.3 0.36 6450 6420 4270 
Naphthalene 4.3 4.2 0.52 6020 5830 4050 
Biphenyl 5.7 6.3 0.98 5320 4810 3480 
Butyl Benzene 6.4 8.9 1.8 6390 4640 4500 
       
 Zorbax ODS Chromegabond C3 FluoroSep Propyl Chromegabond C8 FluoroSep Octyl Kovasil C14 
Benzyl alcohol 2600 1120 966 724 777 144 
Phenol 2470 956 956 693 921 118 
Nitrobenzene 3190 1280 976 911 1180 184 
Methyl Benzoate 3310 1680 1090 1110 1540 264 
2-Nitrotoluene 3510 1920 796 1290 1590 322 
Toluene 4200 2390 1300 1500 2190 682 
Naphthalene 3360 2240 800 1650 1800 854 
Biphenyl 3530 2460 587 1020 1180 999 
Butyl Benzene 4810 3220 599 1840 1170 1110 
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comparison.  Retention factors for naphthalene through butyl benzene are greater than 4, 
and therefore closely represent the actual column efficiency for comparison purposes.  
The retention factors for all analytes tested using the hydro-organic mobile phase are all 
less than 2, therefore N will be underestimated as compared to either micellar mobile 
phase.  Between the two micellar mobile phases, the only compound for which the 
efficiency was slightly lower for the TEA-modified micellar mobile phase was methyl 
benzoate, with toluene being statistically equivalent.  For the remaining 7 compounds, the 
increase in efficiency ranged from 2 % for nitrobenzene up to 38% for butyl benzene.  
Figure 2.23 compares the peak shapes obtained for the nine compounds on the Nucleosil 
C4 column using both MLC mobile phases. 
 
Chromatogram B in Figure 2.22 and the data in Table 2.6 clearly show the improvement 
in efficiency observed with the addition of triethylamine to the mobile phase.  These data 
show that improved efficiency in MLC may be observed for various column chemistries 
in a more realistic approach under typical HPLC conditions with equipment and reagents 
commonly available. 
 
2.6 Conclusions 
 
Twelve stationary phases of varying pore sizes and chemistries were evaluated with up to 
five different micellar mobile phases to determine their effect on efficiency in MLC.  
Large pore and non-porous columns were evaluated to determine the effect of the pore 
size on efficiency in MLC.  However, the combination of large pores and less nonpolar
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Figure 2.22.  Comparison of efficiency for the test solutes:  benzyl alcohol (1), phenol (2), nitrobenzene (3), methylbenzoate (4), 2-
nitrotoluene (5), toluene (6), naphthalene (7), biphenyl (8), and butylbenzene (9) on a on a Nucleosil C4 column (250 X 4.6 mm, 1000 
Å).  The mobile phase was (A) 3/97 1-butanol/15mM SDS, (B) 3/2/95 1-butanol/TEA/15mM SDS.  The flow rate was 1.5 mL/min 
and the detection wavelength was 254 nm. 
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stationary phases was shown to reduce retention and improve efficiency in MLC.  The 
advantage of the large pore size was demonstrated by the reduced retention of analytes 
that would otherwise be excessively retained.  With respect to the alcohol modifier 
employed in the mobile phase, the use of 5% 1-propanol provided slightly improved or 
equal efficiencies over 3% 1-butanol for most columns with the exception of the three 
Poroshell columns.  For those three columns, the 3% 1-butanol provided better 
efficiencies, but generally large improvements were not observed for either the non-
porous Kovasil C14 column or the Poroshell columns, indicating that intraparticle mass 
transfer was not a major contributing factor to the low efficiency.  In the cases where 1-
pentanol was also investigated, column efficiency was generally lower than with either 1-
propanol or 1-butanol.  The addition of triethylamine improved efficiency over 1-butanol 
added alone for all columns tested.  It is believed that the observed improvements in 
efficiency are due to the reduced amount of surfactant adsorbed onto the respective 
stationary phases.  The smaller amount of surfactant adsorption should result in both a 
smaller reduction in interfacial mass transfer and a smaller increase in flow anisotropy, 
thus providing greater efficiencies. 
 
An analysis of nine substituted benzene solutes over seven columns demonstrated that 
good efficiencies and separation may be achieved using a micellar mobile phase with 
triethylamine/alcohol additive under practical working laboratory conditions for several 
column chemistries, and especially the Nucleosil C4 1000 Å.  The results of the studies 
conducted, especially with the C3, C4, C8 and fluorooctyl columns, show that micellar 
liquid chromatography can overcome both of its previously observed shortcomings of 
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long retention times and low chromatographic efficiencies through selection of wide-pore 
stationary phases with selected column chemistries and addition of triethylamine/alcohol 
additives to the micellar mobile phase. 
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Chapter 3:  Surfactant Adsorption Isotherms:  Understanding the Role of Adsorbed 
Surfactants on Efficiency 
 
3.1 Introduction 
 
In the previous chapters, the role of surfactant adsorption was discussed as a possible 
cause of reduced efficiency due to a reduction in mass transfer within the stationary phase 
and an increase in flow anisotropy.  In order to determine the amount of surfactant 
actually adsorbed on the stationary phase, experimentally determined surfactant 
adsorption isotherms were measured for five columns with three micellar mobile phases 
with varying concentrations of organic additives.  The results of these experiments will 
help to generate an understanding of the relationship between adsorbed surfactant, mobile 
phase additive, and column efficiency.   
 
Adsorption isotherms are widely used to help understand the relationship between the 
concentration of a solute in the stationary phase as a function of concentration in the 
mobile phase at constant temperature.  Adsorption isotherms are of interest in HPLC 
generally to better understand the retention of a given solute [1-4].  Adsorption isotherms 
may be measured in several ways.  Frontal chromatography is a popular technique to 
determine adsorption isotherms of reversed phase systems and has been shown to be one 
of the most accurate methods [5-7].  In the frontal analysis method, mobile phase 
containing a known concentration of the solvent under study is pumped into a column 
replacing the same mobile phase with either zero or a lesser concentration of solvent.  
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The resulting chromatogram is a breakthrough curve consisting of a steep incline 
followed by thermodynamic equilibrium between the mobile phase and the stationary 
phase.  The volume of the mobile phase is measured from the time of the start of the 
injection to the inflection point of the breakthrough curve.  From the volume and known 
amount of solvent in the mobile phase, the concentration adsorbed on the stationary phase 
may be determined. 
 
Surfactant adsorption isotherms have been used previously to demonstrate the effect of 
column chemistry and alcohol additive in MLC [8-12].  The expected means of 
adsorption is that the hydrophobic tail of the surfactant is adsorbed to the hydrophobic 
moieties of the stationary phase, with the polar head group in contact with the polar 
mobile phase.  Thus the more hydrophobic a stationary phase, the more surfactant is 
expected to adsorb.  Berthod et al. [8, 9] studied five columns and found little difference 
in surfactant adsorption at concentrations above the CMC among the columns studied, 
including C1, C8 and C18.  In addition, they found the maximum adsorption to be on the 
C1 column, rather than on the more hydrophobic C18 column as had been expected. 
 
Similar experiments were conducted here to determine the amount of surfactant adsorbed 
onto a selection of columns with three different micellar mobile phases.  The adsorption 
isotherm experiments were conducted on five columns selected from a subset of those 
used in Chapter 2.  These five columns were selected based on the lowest experimentally 
determined reduced plate height values, as well as representation of the various 
approaches to reduce surfactant adsorption through selection of column chemistry.  The 
118 
 
 
short alkyl chain bonded phases in the Nucleosil C4, Chromegabond C3 and C8 columns 
are employed to attempt to take advantage of the lower attraction between the bonded 
phase and the 12-carbon containing surfactant SDS.  Lower amounts of adsorbed anionic 
surfactant on shorter alkyl chain length stationary phases are plausible due an overall 
lower affinity of the former for the latter that has been observed elsewhere [8, 9, 13].  
Similarly, the use of fluorinated stationary phases in MLC was first reported by Yang and 
Khaledi [14, 15] in 1994 where they reported both decreased retention and improved 
efficiencies using a standard pore size fluorooctyl (FO) column. 
 
3.2. Experimental 
 
 3.2.1. Instrumentation 
 
The adsorption isotherm experiments were conducted using a Waters 2690 Alliance 
Separations Module equipped with a 2410 refractive index detector, quaternary gradient 
pump, column thermostat and a variable volume autosampler controlled by Waters 
Millennium software version 4.0.  The array of HPLC columns used is listed in Table 3.1. 
 
3.2.2. Reagents, Chemicals, and Solutions 
 
SDS ultrapure bioreagent, 100%, was obtained from Mallinckrodt Baker (Phillipsburg, 
NJ), HPLC grade 1-butanol and methanol were obtained from Allied Signal, Burdick and 
Jackson (Muskegon, MI).  HPLC grade water was obtained from a Milli-Q Plus water 
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Table 3.1.  Summary of HPLC columns used in adsorption isotherm experiments. 
 
HPLC Column and Dimensions 
Surface 
Area 
(m2/g) 
Pore 
Volume 
(mL/g) 
Carbon 
Load 
% Manufacturer 
Zorbax ODS 5 µm, 70 Å, 250 X 4.6 mm 300 0.6  20 
Agilent 
Technologies 
Nucleosil C4 7 µm, 1000 Å, 250 X 4.6 mm 25 0.85 1 Phenomenex 
Chromegabond C3, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.55 ES Industries 
Chromegabond C8, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 1.20 ES Industries 
FluoroSep-RP Octyl, 5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 1.05 ES Industries 
 
 
 
system (Millipore Corp., Milford, MA).  USP grade nitromethane, used as a t0 marker, 
and HPLC grade triethylamine (TEA), 100%, were obtained from Mallinckrodt Baker 
(Phillipsburg, NJ).  Mobile phase buffer, sodium phosphate monobasic, dihydrate was 
obtained from J. T. Baker (Phillipsburg, NJ) and o-phosphoric acid, 85% was obtained 
from Fisher Scientific (Fair Lawn, NJ). 
 
 3.2.3 Procedure 
 
Adsorption isotherms were determined using frontal chromatography.  Three micellar 
mobile phases were evaluated: SDS only, 3% 1-butanol/97% SDS (v/v), and 3% 1-
butanol/2% triethylamine/95% SDS (v/v/v).  For each mobile phase, pumps A and B on 
the Waters 2690 were utilized.  In each case, pump A held mobile phase containing no 
SDS, but with concentrations as noted for the other additives, while pump B held mobile 
phase with 100 mM SDS along with the same concentrations for the other additives.  The 
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concentration of the surfactant was changed in a stepwise fashion by increasing the 
proportion of mobile phase from pump B in 5 or 10% increments from 10 to 100 mM 
SDS.  Each mobile phase was prepared by volume for maximum reproducibility, and 
from the same initial concentration of SDS stock solution for simplicity.  Because the 
micellar mobile phases were prepared by volume, the relative concentrations of the SDS 
in each will be slightly different.  In the case of the 97% 50 mM SDS/3% 1-butanol 
solution, the final concentration in the mobile phase was 48.5 mM and 0.328 mM for 
SDS and 1-butanol, respectively.  For the 95% 50 mM SDS/3% 1-butanol/2% TEA 
mobile phase, the final concentrations were 47.5 mM, 0.328 mM, and 0.144 mM for 
SDS, 1-butanol and triethylamine respectively.  Table 3.2 provides the relative SDS 
concentrations of each mobile phase.  The slight difference in concentrations of SDS 
should be noted when comparing the adsorption isotherms generated with each mobile 
phase.  However, as the SDS concentrations increase to well above the CMC of 
approximately 8.2 mM for pure SDS solutions and 3.1 mM for SDS solutions with 3% 
v/v n-butanol [16], the number of surfactant monomers in solution (and therefore with 
potential for adsorption) should be constant among the three micellar mobile phases, so 
differences may be more pronounced at the lower SDS concentrations.  Detection was by 
refractive index with time allowed for stabilization of the detector response after the 
breakthrough curve was observed.  After stabilization of the detector response, each 
column was washed with approximately 20 column volumes of mobile phase without 
SDS to desorb the SDS prior to applying the next concentration step.  All columns were 
thermostatted to 40°C with a constant flow rate of 1.0 mL/min. 
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Table 3.2.  Final SDS concentrations used in adsorption isotherm experiments. 
 
 SDS (mM) 
% Reservoir B 1 2 3 
10 10.0 9.7 9.5 
15 15.0 14.6 14.3 
20 20.0 19.4 19.0 
25 25.0 24.3 23.8 
30 30.0 29.1 28.5 
35 35.0 34.0 33.3 
40 40.0 38.8 38.0 
50 50.0 48.5 47.5 
60 60.0 58.2 57.0 
70 70.0 67.9 66.5 
80 80.0 77.6 76.0 
90 90.0 87.3 85.5 
100 100.0 97.0 95.0 
 
1)  SDS Only 
2)  3/97 1-butanol / SDS 
3)  3/2/95 1-butanol / TEA / SDS 
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3.3 Results and Discussion 
 
The adsorption of solutes in reversed phase systems is generally described by the 
Langmuir isotherm equation, given by equation 3.1 [17]: 
cb
caQ
s
i
+
=
1
  (3.1) 
where Q is the concentration of solute (surfactant in this case) in the stationary phase, c is 
concentration of the solute in the mobile phase, ai is the distribution coefficient at infinite 
dilution and bs is related to the saturation capacity of the adsorbent (stationary phase). 
 
The adsorption isotherms were calculated by using the retention volume determined by 
the inflection point on each breakthrough curve and subtracting (i) the volume of the 
tubing from the mixing chamber of mobile phases A and B to the top of the column, 
known as the dwell volume, and (ii) the volume of stationary phase in the column.  The 
dwell volume (Dv) was calculated with no analytical column in the HPLC by subtracting 
the retention time of an unretained methanol peak (t0) from the time of the inflection 
point of a solvent gradient change (tI) multiplied by the flow rate (F) in mL/min: 
FttD Iv ×





−= 0   3.2 
The stationary phase volume was determined by taking the difference between the total 
volume of the column and the dead volume experimentally determined during the 
reduced parameter experiments for each column. 
vS DLrV −=
2π  3.3 
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where VS is the volume of the stationary phase, r is the radius of the analytical column, 
and L is the length of the column.  The adsorption (Q) at each surfactant concentration 
was then calculated from: 
S
IS
V
CFtQ ××=  3.4 
where tIS is the time to the inflection point of a given surfactant concentration, and C is 
the surfactant concentration.  While this method of determining stationary phase volume 
allows for comparison of columns of different dimensions and column chemistry, the 
volume includes not only the ligand but also the passive silica support of the stationary 
phase.  Although the latter may vary somewhat from one type of bonded-phase silica 
column to another, the variation is expected to be less than 10% and thus not be a 
confounding issue.  Moreover, this is the only method for calculating the stationary phase 
volume that allows a direct comparison of the adsorption isotherms for the different 
columns.  An example chromatogram is given in Figure 3.1 for the Chromegabond C8 
column with SDS only mobile phase.  The calculated results shown in Table 3.3 and 
plotted in Figures 3.2 – 3.6 give the adsorption isotherms for the Zorbax ODS, Nucleosil 
C4, Chromegabond C8, FluoroSep Octyl, and Chromegabond C3 columns, respectively. 
 
Previous researchers studying surfactant adsorption isotherms for micellar mobile phases,  
have typically found a rapidly increasing adsorption in the submicellar concentrations 
followed by a gently rising plateau for concentrations above the CMC [8, 10-12, 18].  
However, for previously studied ODS columns [8, 9, 12], the adsorption plateau above 
the CMC did not increase as compared to other columns studied.  The results presented in  
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Figure 3.1.  Frontal chromatogram for determination of adsorption isotherm for Chromegabond C8 column from 40 to 90 mM SDS for 
the SDS mobile phase. 
 
 
125 
 
        
 
 
 
Table 3.3.  mmol of SDS adsorbed per liter of stationary phase for five columns and three 
mobile phases. 
 
Zorbax ODS 5 mm, 70 Å, 250 X 4.6 mm 
SDS Only 3/97 1-butanol / SDS 3/2/95 1-butanol / TEA / SDS 
mmol SDS Q,mmol/L mmol SDS Q,mmol/L mmol SDS Q,mmol/L 
10.0 306 9.70 37.8 9.51 44.2 
15.0 315 14.5 54.9 14.3 70.1 
20.0 315 19.4 87.4 19.0 56.5 
25.0 322 24.2 150 23.8 64.3 
30.0 330 29.1 154 28.5 71.7 
40.0 320 38.8 179 38.1 101 
50.0 322 48.5 147 47.6 90.5 
60.0 338 58.2 162 57.1 104 
70.0 355 67.9 171 66.6 117 
80.0 374 77.6 191 76.1 129 
90.0 391 87.3 209 85.6 145 
100 428 97.0 236 95.1 180 
      Nucleosil C4 7 mm, 1000 Å, 250 X 4.6 mm 
SDS Only 3/97 1-butanol / SDS 3/2/95 1-butanol / TEA / SDS 
mmol SDS Q,mmol/L mmol SDS Q,mmol/L mmol SDS Q,mmol/L 
10.0 59.7 9.70 48.3 9.51 63.4 
15.0 77.9 14.5 65.3 14.3 80.4 
20.0 96.2 19.4 82.3 19.0 97.5 
25.0 114 24.2 99.0 23.8 114 
30.0 133 29.1 116 28.5 131 
40.0 192 38.8 151 38.1 167 
50.0 217 48.5 184 47.6 195 
60.0 270 58.2 218 57.1 226 
70.0 319 67.9 252 66.6 259 
80.0 372 77.6 291 76.1 288 
90.0 414 87.3 337 85.6 320 
100 447 97.0 372 95.1 353 
      
      
      
      
      
      
      
      
      
      
      
126 
 
        
      
      
      Table 3.3. (continued) 
      Chromegabond C8, 5 mm, 1000 Å, 100 X 4.6 mm 
SDS Only 3/97 1-butanol / SDS 3/2/95 1-butanol / TEA / SDS 
mmol SDS Q,mmol/L mmol SDS Q,mmol/L mmol SDS Q,mmol/L 
10.0 104 9.70 78.6 9.51 51.0 
15.0 127 14.5 98.6 14.3 66.6 
20.0 149 19.4 118 19.0 83.9 
25.0 170 24.2 139 23.8 96.8 
30.0 192 29.1 155 28.5 114 
40.0 242 38.8 183 38.1 161 
50.0 291 48.5 218 47.6 200 
60.0 370 58.2 253 57.1 249 
70.0 429 67.9 283 66.6 297 
80.0 504 77.6 322 76.1 319 
90.0 563 87.3 351 85.6 348 
100 617 97.0 382 95.1 407 
      FluoroSep-RP Octyl, 5 mm, 1000 Å, 100 X 4.6 mm 
SDS Only 3/97 1-butanol / SDS 3/2/95 1-butanol / TEA / SDS 
mmol SDS Q,mmol/L mmol SDS Q,mmol/L mmol SDS Q,mmol/L 
10.0 136 9.70 80.7 9.51 54.0 
15.0 159 14.5 104 14.3 69.7 
20.0 179 19.4 125 19.0 86.1 
25.0 198 24.2 144 23.8 101 
30.0 219 29.1 164 28.5 120 
40.0 273 38.8 212 38.1 162 
50.0 308 48.5 245 47.6 188 
60.0 369 58.2 302 57.1 226 
70.0 446 67.9 337 66.6 257 
80.0 507 77.6 406 76.1 308 
90.0 562 87.3 453 85.6 369 
100 611 97.0 503 95.1 401 
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      Table 3.3. (continued) 
      Chromegabond C3, 5 mm, 1000 Å, 100 X 4.6 mm 
SDS Only 3/97 1-butanol / SDS 3/2/95 1-butanol / TEA / SDS 
mmol SDS Q,mmol/L mmol SDS Q,mmol/L mmol SDS Q,mmol/L 
10.0 145 9.70 87.8 9.51 57.8 
15.0 168 14.5 109 14.3 75.5 
20.0 189 19.4 131 19.0 92.7 
25.0 214 24.2 152 23.8 110 
30.0 235 29.1 170 28.5 126 
40.0 288 38.8 209 38.1 176 
50.0 332 48.5 245 47.6 201 
60.0 398 58.2 270 57.1 241 
70.0 468 67.9 318 66.6 300 
80.0 535 77.6 350 76.1 318 
90.0 602 87.3 389 85.6 373 
100 659 97.0 445 95.1 437 
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Figure 3.2.  Adsorption isotherms for the Zorbax ODS column for the following mobile 
phases:  SDS Only (), 3/97 1-butanol/SDS (▲), 3/2/95 1-butanol/TEA/SDS (). 
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Figure 3.3.  Adsorption isotherms for the Nucleosil C4 column for the following mobile 
phases:  SDS Only (), 3/97 1-butanol/SDS (▲), 3/2/95 1-butanol/TEA/SDS (). 
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Figure 3.4.  Adsorption isotherms for the Chromegabond C8 column for the following 
mobile phases:  SDS Only (), 3/97 1-butanol/SDS (▲), 3/2/95 1-butanol/TEA/SDS 
(). 
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Figure 3.5.  Adsorption isotherms for the FluoroSep Octyl column for the following 
mobile phases:  SDS Only (), 3/97 1-butanol/SDS (▲), 3/2/95 1-butanol/TEA/SDS 
(). 
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Figure 3.6.  Adsorption isotherms for the Chromegabond C3 column for the following 
mobile phases:  SDS Only (), 3/97 1-butanol/SDS (▲), 3/2/95 1-butanol/TEA/SDS 
(). 
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Figure 3.2 for the Zorbax ODS column do show a similar adsorption isotherm, albeit with 
a slight increase in adsorption as SDS concentration increases.  Overall, the wide-pore 
columns show a greater increase in adsorption with increasing SDS concentration and 
may be due to the ability of a greater number of micelles and surfactant monomers to 
fully penetrate the pores. 
 
From Figure 3.2 for the Zorbax OSD column, a decrease in the amount of adsorbed 
surfactant is observed for the micellar solutions in the order of SDS only > SDS/3% 1-
butanol > SDS/3% 1-butanol/2% TEA.  This order follows that of the observed h values 
where the combination of 1-butanol and triethylamine added to the mobile phase shows 
the greatest efficiency and the least amount of adsorbed surfactant.  Figure 3.3 shows the 
differences in adsorbed surfactant for the Nucleosil C4 column were not as pronounced 
among the three mobile phase compositions.   The SDS/3% 1-butanol and SDS/3% 1-
butanol/2% TEA mobile phases had very similar adsorption isotherms.  Larger 
differences between the alcohol modified mobile phases and the pure SDS mobile phase 
were observed at the higher SDS concentrations. 
 
A comparison of adsorbed surfactant across columns and within each mobile phase 
shows only small differences among the three ES Industries columns (Chromegabond C3, 
C8, and FluoroSep Octyl).  For these three columns, the SDS/3% 1-butanol and SDS/3% 
1-butanol/2% TEA mobile phases showed a lower adsorption isotherm than the SDS only 
mobile phase, with a slightly lower amount adsorbed for the SDS/3% 1-butanol/2% TEA 
mobile phase.  It was expected that the C3 column would adsorb less surfactant than the 
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C8 column or the Zorbax ODS column due to the short alkyl chain bonded phase.  
Although column dimensions and column dead volumes are taken into account in the 
calculation of Q, the order of increasing adsorbed surfactant across columns does 
correlate inversely to total stationary phase volume.  That is, the 25 cm Zorbax ODS 
column with the smallest stationary phase pore size has the largest volume of stationary 
phase in the column, followed by the Nucleosil C4, then the three ES Industries columns 
with the same dimensions and pore sizes.  A review of Figures 3.2 – 3.6 shows that the 
large pore columns actually adsorb more surfactant per stationary phase volume than the 
smaller pore size column.  The greater overall amount of adsorbed surfactant is also 
consistent with the higher values of h for the ES Industries columns versus the Nucleosil 
C4 or the Zorbax ODS columns. 
 
3.4 Conclusions 
 
The observed surfactant adsorption showed a general decreasing trend in the order of 
SDS only > SDS/3% 1-butanol > SDS/3% 1-butanol/2% TEA.  The difference in 
adsorption isotherms for the 1-butanol and 1-butanol/TEA modified mobile phases was 
not as pronounced in all columns as expected, although the 1-butanol/TEA modified 
mobile phase was at least as effective in all columns.  The overall general observation 
provides further evidence that efficiency and surfactant adsorption are linked by the 
effect of the latter on diffusion in the interfacial region between the mobile and stationary 
phases.  All experimental data show that the smaller amount of surfactant adsorption 
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observed results in both a smaller reduction in interfacial mass transfer and a smaller 
increase in flow anisotropy, thus providing greater efficiencies. 
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Chapter 4:  Effect of Increased Column Temperature on Efficiency 
 
4.1 Introduction 
 
One of the main approaches to enhance efficiency in MLC is the use of elevated 
column temperatures during analysis [1-4].  Dorsey et al. [2] found that the addition 
of 3% 1-propanol to the mobile phase and use of a column temperature of 40°C gave 
column efficiencies approaching those of hydro-organic mobile phases.  Elevated 
column temperatures were also shown by Lavine and Hendayana [1] to increase 
efficiency in MLC due to both (i) a shift in the equilibrium of the solute away from 
the micelle and toward the bulk solvent, and (ii) a decrease in the amount of adsorbed 
surfactant on the stationary phase. 
 
In these experiments, column temperatures were varied from 40°C to 70°C to 
determine the effect of even higher temperature on efficiency for a subset of the 
stationary phases previously used in Chapters 2 and 3.  It is well substantiated that 
silica based HPLC columns begin to show instability and shorter lifespan at 
temperatures above 50°C to 60°C [5-10].  However, recent advances in HPLC column 
manufacturing have produced more thermally stable silica-based columns [11, 12].  
Consultation with ES Industries, the manufacturer of three of the columns used in this 
study, provided a suggestion not to exceed 70°C during analysis.  In addition, 
experiments were conducted for the minimum amount of time possible at the higher 
temperatures. 
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When working at higher column temperatures, it is generally recognized that the 
mobile phase should be preheated in order to avoid additional band broadening effects 
due to thermal mismatch across the column diameter [13-15].  Thompson et al. 
showed that air heating systems were sufficient for use with column temperatures 
under 80°C at lower superficial linear velocities [15].  However, because of the low 
superficial linear velocity (~0.1 cm/sec for all columns), and column temperatures 
below 80°C used in these experiments, any thermal mismatch within the column 
(radial gradient) should be minimal, resulting in little effective increase on band 
broadening. 
 
4.2 Experimental 
 
 4.2.1 Instrumentation 
 
An Agilent (Rockville, MD) HP1100 Liquid Chromatograph system equipped with an 
in-line mobile phase degasser, quaternary gradient pump, diode array detector, 
column thermostat, and a variable volume autosampler, was used with control of the 
chromatograph and integration performed using Agilent Chemstation software, 
version A.06.04.  Four of the same HPLC columns described in Chapters 2 and 3 
were used for these experiments, as listed in Table 4.1. 
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Table 4.1.  HPLC columns and Dimensions. 
 
 
 
 
4.2.2 Reagents, Chemicals, and Solutions 
 
SDS ultrapure bioreagent, 100%, was obtained from Mallinckrodt Baker 
(Phillipsburg, NJ, USA), HPLC grade 1-butanol and methanol were obtained from 
Allied Signal, Burdick and Jackson (Muskegon, MI, USA), HPLC grade water was 
obtained from a Milli-Q Plus water system (Millipore Corp., Milford, MA).  USP 
grade nitromethane, used as a t0 marker, was obtained from Mallinckrodt Baker 
(Phillipsburg, NJ, USA).  Test solutes, acetophenone, 99%, propiophenone, 99%, 
heptanophenone, 98%, and, octanophenone, 98%, were all obtained from Aldrich 
(Milwaukee, WI, USA), and nonaphenone, 99%, was obtained from Acros Organics 
(Geel, Belgium). 
HPLC Column and 
Dimensions 
Surface 
Area (m2/g) 
Pore Volume 
(mL/g) 
Carbon 
Load % Manufacturer 
Zorbax ODS 5 µm, 
70 Å, 250 X 4.6 mm 300 0.6  20 
Agilent 
Technologies 
Chromegabond C3, 
5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.55 ES Industries 
Chromegabond C8, 
5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 1.20 ES Industries 
FluoroSep-RP Propyl; 
5 µm, 1000 Å, 100 X 4.6 mm 15 0.9 0.35 ES Industries 
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4.2.3 Procedure 
 
Acetophenone and propiophenone were used for the Zorbax ODS column, while 
heptanophenone, octanophenone, and nonaphenone were tested on the remaining 
three columns.  1.0 mL of each test solute was diluted to 100 mL with methanol to 
obtain stock solutions.  Analytical test solutions were obtained by diluting 1.0 mL of 
the stock solution to 100 mL using the corresponding mobile phase.  The mobile 
phase was prepared in volume as 3/97 v/v 1-butanol/50 mM SDS.  Nitromethane was 
injected as a t0 marker for all experiments.  The flow rate was held constant at 0.7 
mL/min with duplicate injections of 20 µL and UV detection at 254 nm.  For each 
column, duplicate injections were made over a range of increasing temperatures from 
40.0°C – 70.0°C in 5°C increments. 
 
4.3 Results and Discussion 
 
Four of the same columns used in the mobile phase studies in Chapter 2 and 3 were 
selected to examine the effect of column temperature on efficiency over the range of 
40°C to 70°C.  As discussed in Chapter 2, the Agilent ChemStation software used to 
process the experimental data was also used to calculate the number of theoretical 
plates (N) via the statistical moment method.  When the resolution of the sample 
components in a test mixture was less than baseline, solutions of individual 
components were injected in order to accurately measure N via the statistical 
moments method.  Table 4.2 shows the effect of the increasing temperature on  
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Table 4.2.  Effect of temperature on efficiency and retention characteristics of selected columns under micellar mobile phase conditions1.   
 
Column Temp(°C) acetophenone   propiophenone     
  N % increase k  N % increase k     
Zorbax ODS 40 6910 --- 5.60  10300 --- 11.0     
 45 7280 5.4 5.34  10600 2.9 10.7     
 50 8010 15.9 5.14  11500 11.7 10.4     
 55 8760 26.8 4.95  12200 18.4 10.1     
 60 9300 34.6 4.77  12900 25.2 9.83     
 65 10000 44.7 4.61  13500 31.1 9.58     
 70 10900 57.7 4.46  14700 42.7 9.34     
             
Column Temp(°C) heptanophenone   octanophenone   nonaphenone 
    N % increase k   N % increase k   N % increase k 
Chromegabond C3 40 2260 --- 1.92  2230 --- 2.25  2010 --- 2.53 
 45 2310 2.2 1.87  2350 5.4 2.18  2150 7.0 2.45 
 50 2380 5.3 1.82  2420 8.5 2.12  2260 12.4 2.39 
 55 2430 7.5 1.78  2460 10.3 2.08  2320 15.4 2.34 
 60 2460 8.8 1.75  2490 11.7 2.05  2360 17.4 2.30 
 65 2460 8.8 1.73  2490 11.7 2.02  2370 17.9 2.28 
 70 2450 8.4 1.71  2490 11.7 2.00  2410 19.9 2.27 
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Table 4.2 (continued)          
             
             
Column Temp(°C) heptanophenone   octanophenone  nonaphenone  
    N % increase k   N % increase k   N % increase k 
Chromegabond C8 40 1930 --- 1.74  1750 --- 2.07  1530 --- 2.36 
 45 1830 -5.2 1.70  1760 0.6 2.03  1590 3.9 2.31 
 50 1910 -1.0 1.68  1790 2.3 1.99  1670 9.2 2.28 
 55 1800 -6.7 1.66  1840 5.1 1.97  1740 13.7 2.25 
 60 1830 -5.2 1.64  1910 9.1 1.95  1810 18.3 2.23 
 65 1910 -1.0 1.63  1980 13.1 1.94  1890 23.5 2.23 
 70 1970 2.1 1.63  2060 17.7 1.94  1980 29.4 2.23 
             
FluoroSep Octyl 40 1290 --- 2.04  1240 --- 2.32  1140 --- 2.54 
 45 1330 3.1 1.97  1280 3.2 2.24  1190 4.4 2.46 
 50 1390 7.8 1.92  1350 8.9 2.18  1240 8.8 2.39 
 55 1460 13.2 1.87  1400 12.9 2.13  1310 14.9 2.34 
 60 1510 17.1 1.84  1450 16.9 2.09  1350 18.4 2.30 
 65 1550 20.2 1.81  1490 20.2 2.06  1400 22.8 2.27 
  70 1580 22.5 1.79   1530 23.4 2.05   1450 27.2 2.26 
 
1 The mobile phase was 3/97 v/v 1-butanol / 50 mM SDS at a flow rate of 0.7 mL/min. 
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column efficiency.  Retention factor (k) data are also provided to show that the 
significant improvements observed in the efficiencies were due to the increase in 
temperature and not to dramatic changes in retention factor.  This is important as 
decreases in retention factor sometimes results in higher efficiencies.  The decrease in 
retention factor was less than 13% for all test compounds and columns, except the 
Zorbax ODS column where k for acetophenone and propiophenone decreased by 20% 
and 15%, respectively.  Figures 4.1 – 4.4 illustrate the observed improvement in 
efficiency and peak shape with increasing temperature for selected test compounds 
using the Zorbax ODS column. 
 
For the Zorbax ODS column, there was a significant increase in the efficiency over 
the temperature range evaluated, 58% for acetophenone and 43% for propiophenone.  
For the Chromegabond C3, C8 and FluoroSep Octyl columns, the improvements in 
efficiency for the compounds evaluated were not as pronounced, although the 
increase in N for nonaphenone at 70°C ranged from 20 to 29%.  In contrast to the 
Chromegabond C3 and C8 columns, the increase in N observed with the FluoroSep 
Octyl column was fairly consistent among the compounds evaluated, ranging from 22 
to 27% at 70°C.  For each column, the degree of improvement in efficiency increased 
in order of increasing carbon number of the alkylphenone test compounds, i.e., 
heptanophenone < octanophenone < nonaphenone.  The lone exception to the general 
trend of increasing column efficiency with increasing temperature was observed for 
heptanophenone analyzed with the Chromegabond C8 column.  For this combination 
only, the efficiency differed by less than 9% over the entire temperature range. 
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Figure 4.1.  Effect of column temperature on 1) acetophenone and 2) propiophenone using a Zorbax ODS (250 X 4.6 mm, 70 Å) column.  Flow 
rate was 0.7 mL/min, λ = 254 nm, mobile phase: 3/97 1-butanol/50mM SDS. 
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Figure 4.2.  Effect of column temperature on nonaphenone using a Chromegabond C8 (100 X 4.6 mm, 1000 Å) column.  Conditions same as 
Figure 4.1. 
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Figure 4.3.  Effect of column temperature on nonaphenone using a FluoroSep Octyl (100 X 4.6 mm, 1000 Å) column.  Conditions same as Figure 
4.1.
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Figure 4.4.  Effect of column temperature on nonaphenone using a Chromegabond C3 (100 X 4.6 mm, 1000 Å) column.  Conditions same as 
Figure 4.1. 
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The finding of greater improvement in efficiency with increasing solute hydrophobicity 
has been previously observed in the work of Yarmchuk et al. [4] as well as Lavine and 
Hendayana [1]. This agrees with the typical findings where the more hydrophobic 
compounds have a higher affinity for the stationary phase and micellar phase versus the 
bulk aqueous phase, therefore, they are expected to have a lower efficiency than the less 
hydrophobic compounds.  The increase in column temperature affects the kinetics of the 
system by increasing the rate of mass transfer of the compound from the stationary phase 
to the bulk aqueous phase and also from the micellar phase to the bulk aqueous phase.  
Another likely consequence of the temperature increase is less adsorbed surfactant on the 
stationary phase, further increasing the rate of mass transfer.  Overall, the increase of 
column temperature is an attractive way to increase efficiency, especially for more 
hydrophobic compounds.  However, because the increase in temperature may shorten 
column life, the thermal stability of the column under these conditions should be 
confirmed before this option is exercised. 
 
4.4   Conclusions 
 
Improvements in efficiency were observed with the use of elevated temperatures (40-
70°C) for the four columns evaluated.  Efficiency improvements ranging from 9% for a 
Chromegabond C8 column to 58% for a Zorbax ODS column were observed over the 
temperature range.  All columns showed improvements of at least 20% for compounds 
with the highest retention factor at 70°C, with the greatest improvements observed for the 
Zorbax ODS column.  The advent of new stationary phases and use of even higher 
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temperatures with the added benefit of shorter retention times would be of further interest 
to researchers in the future. 
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Chapter 5:  Detection of Prohibited Substances in Equestrian Sport through Direct 
Injection of Equine Serum using Micellar Liquid Chromatography 
 
5.1 Introduction 
 
One of the main advantages in using MLC is the ability for direct injection of 
physiological fluids such as urine and serum samples without protein precipitation.  The 
experiments described in this chapter describe a method for determination of three non-
steroidal anti-inflammatory drugs (NSAIDs) in equine serum by direct injection. 
 
Anti-doping rules in equestrian sporting events such as Dressage, Eventing, and Jumping 
are governed by the United States Equestrian Federation, Inc. (USEF) and the Federation 
Equestre Internationale (FEI) for events at all levels including the Olympic Games.  Each 
organization publishes extensive guidelines on prohibited drugs for horses and penalties 
that may be incurred for sample failure [1, 2].  Strict penalties are imposed for testing 
positive for any banned substance including automatic disqualification from the event for 
both rider and horse with forfeiture of any related medals, points and prizes.  Additional 
sanctions may also be imposed including fine and temporary or permanent bans from 
participation in the sport. 
 
The use of NSAIDs in veterinary care is common, especially for phenylbutazone, 
diclofenac, and flunixin to reduce lameness and swelling in the horse.  Flunixin is also 
commonly given to horses experiencing symptoms of colic, an acute and potentially fatal 
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twisting of the gastrointestinal tract,  to alleviate symptoms of visceral pain.  The 
presence of NSAIDs may be detected for up to seven days in horse urine or serum, and 
therefore treatment of animals with NSAIDs should be discontinued well before the day 
of competition. 
 
The presence of some NSAIDs  is permitted at low levels, but with strict guidelines as 
defined by the FEI and USEF.  The maximum permitted plasma/serum concentrations for 
the three NSAIDs to be tested are; 0.005 µg/mL for diclofenac, 15.0 µg/mL for 
phenylbutazone, and 1.0 µg/mL for flunixin.  In addition, not more than two NSAIDs are 
permitted to be present in the same sample, and phenylbutazone and flunixin are not 
permitted to be present in the same sample.   
 
Chemical analysis of physiological fluids taken from the horses during competition are 
used to determine the presence of a prohibited substance.  Either urine or blood (serum or 
plasma) samples are typically taken from horses selected for sampling and submitted to 
approved testing laboratories for analysis.  The typical sample analysis of serum or 
plasma samples requires time consuming pretreatment steps prior to analysis by any one 
of several analytical techniques including liquid chromatography, gas chromatography, 
LC/MS, and GC/MS [3-8].  Techniques such as solid phase extraction [5], extraction with 
ethyl acetate followed by reconstitution [4], extraction  and derivatization [3] 
are common, but take time and add cost and organic waste to the laboratory.  Two 
advantages of the extraction procedures are (i) the ability to reconstitute the final sample 
in small amounts of solvent to concentrate the analytes for easier detection, and (ii) the 
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use of a mass spectrometer compatible solvent such as an ammonium acetate/methanol 
solution.  Although MLC is not compatible with mass spectrometers, the ability to 
directly inject the serum or urine sample makes it an attractive alternative when MS 
detection is not necessary.   
 
5.2 Experimental 
 
5.2.1 Instrumentation 
 
An Agilent (Rockville, MD) HP1200 Liquid Chromatograph system equipped with an in-
line mobile phase degasser, quaternary gradient pump, variable wavelength UV detector, 
column thermostat, and a variable volume autosampler, was used for all experiments.  As 
was also done in previous experiments with the HP1100 Liquid Chromatograph system, 
the internal stainless steel tubing diameter connecting the injector, column, and detector 
was 0.007 inches, and tubing distance was kept as short as possible.  The internal dwell 
volume of the HP1200 was determined to be 0.06 mL by injecting replicates injections of 
methanol at a flow rate of 1.0 mL/min with a zero dead volume union installed in place of 
the analytical column.  Control of the chromatograph and integration were performed 
using Waters Empower 2 software. 
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 5.2.2 Method Development 
 
Experimental conditions were optimized for the separation of the three NSAIDs by 
varying the HPLC column and mobile phase composition.  Three HPLC columns were 
tested during early method development of this application, a Phenomenex Nucleosil C4 
7 µm, 300 Å, 250 X 4.6 mm, a Chromegabond C8, 5µm, 1000 Å, 100 X 4.6 mm and a 
Phenomenex Nucleosil 5µm C18, 100Å, 250 X 4.6 mm.  Due to the wide pore nature of 
both the Nucleosil C4 and Chromegabond C8, the retention times of the analytes were too 
short with some or all of the analyte peaks co-eluting with the proteinaceous matter in the 
beginning of the chromatogram.  The conventional pore size Nucleosil C18 column was 
chosen as it provided adequate separation of the NSAIDs as well as sufficient retention 
beyond the proteinaceous solvent front. 
 
In addition to the choice of column, the composition of the mobile phase was also varied.  
The mobile phase components of SDS, 1-butanol and TEA were held constant due to the 
successful results of these components described earlier, but the SDS concentration, and 
amounts of 1-butanol and TEA added were varied in order to optimize retention time and 
resolution between the solutes.  The final mobile phase composition of 96% 50 mM SDS/ 
3% 1-butanol/1% TEA was used for all experiments described below.  The mobile phase 
was buffered with 0.020M sodium phosphate monobasic.   
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5.2.3  Reagents, Chemicals, and Solutions 
 
SDS ultrapure bioreagent, 100%, was obtained from Mallinckrodt Baker (Phillipsburg, 
NJ, USA), HPLC grade 1-butanol and methanol were obtained from Allied Signal, 
Burdick and Jackson (Muskegon, MI, USA), HPLC grade water was obtained from a 
Milli-Q Plus water system (Millipore Corp., Milford, MA), and HPLC grade 
triethylamine (TEA), 100%, was obtained from Mallinckrodt Baker (Phillipsburg, NJ).  
Mobile phase buffer, sodium phosphate monobasic, dihydrate was obtained from J. T. 
Baker (Phillipsburg, NJ) and o-phosphoric acid, 85% was obtained from Fisher Scientific 
(Fair Lawn, NJ).  Phenylbutazone, flunixin meglumine, diclofenac sodium salt, and 
sterile Horse Serum were all obtained from Sigma (St. Louis, MO).  Structures of the test 
compounds are given in Figure 5.1. 
 
5.2.4 Standard and Horse Serum Spiked Solutions 
 
Phenylbutazone stock standard and mixed NSAIDs stock standards were prepared using 
the purchased analytes from Sigma.  A 300 µg/mL stock solution of phenylbutazone was 
prepared by weighing 15 mg, followed by dissolving and diluting with 70/30 
methanol/water to a final volume of 50 mL.  A second mixed NSAIDs stock standard was 
prepared at final concentrations of 20 µg/mL for each of the three NSAIDs, based on the 
free acid for flunixin and diclofenac.  The mixed NSAIDs stock standard was prepared by 
weighing 10, mg, 10.8 mg, and 16.6 mg for phenylbutazone, diclofenac sodium, and 
flunixin meglumine respectively, followed by dissolving and diluting with 70/30 
methanol/water to a final volume of 500 mL. 
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Figure 5.1.  Chemical structures of surfactant and test compounds. 
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Serial dilutions from the two stock solutions were made to create both standards and 
spiked horse serum solutions.  The solutions were diluted in mobile phase for the 
standard solutions and horse serum for the spiked serum solutions.  Dilutions from the 
phenylbutazone only stock were prepared at final concentrations of 18, 15 and 12 µg/mL, 
and dilutions from the mixed NSAIDs stock were prepared at final concentrations of 1.2, 
1.0, 0.8, 0.4, 0.3, 0.2, and 0.1 µg/mL.  The higher concentrations of phenylbutazone 
solutions were made due to the higher permissible limits in serum allowed by the FEI 
(maximum of 15 µg/mL) as discussed in the introduction. 
 
The extent of the sample preparation for the spiked serum samples was simple filtration 
through Acrodisc Syringe Filters, 0.45 µm with nylon membrane (Pall Life Sciences, 
East Hill, NY) prior to injection. 
 
 5.2.5 Chromatographic Conditions and Mobile Phase 
 
UV detection at 276 nm was used, with column temperature of 40.0°C, flow rate of 1.5 
mL/min and injection volume of 100 µL.  The mobile phase used was 96% 50 mM SDS 
buffered with 0.020 M sodium phosphate monobasic, followed by addition of 1% (v/v) 
triethylamine.  The mixture was then adjusted to pH 7.2 with o-phosphoric acid, 85%, 
followed by final addition of 3% 1-butanol (v/v). 
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5.3 Validation Elements Tested 
 
In order to ensure that the method performs as intended and is able to quantitatively 
determine the quantities of NSAIDs in the serum, a series of experiments were performed 
to validate the method.  The following validation elements were examined; precision, 
linearity, specificity, accuracy, and limits of quantitation and detection.  Definitions are 
as stated in the International Conference on Harmonisation (ICH) guidance document for 
method validation [9]. 
 
Precision is the degree of agreement of individual test results when applied to repeated 
injections of a homogeneous sample, sometimes known as repeatability.  The precision of 
the method was determined by determining the relative standard deviation of the peak 
area for each of the six replicate injections of the analytes in the 1.0 µg/mL NSAIDs 
standard, as well as three injections of all other NSAIDS standards.  Linearity is the 
ability to obtain test results which are directly proportional to the concentration (amount) 
of analyte in the sample.  The linearity of the method was determined from linear 
regression analysis of the peak area of replicate injections of the standard solutions.  
Specificity, also known as selectivity, is the ability to assess unequivocally the analyte in 
the presence of components which may be expected to be present, such as impurities, 
degradants, or matrix components.  Specificity was determined through addition of 
known quantities of the three analytes into the horse serum samples.  Accuracy 
determines the closeness of test results experimentally obtained to the true values.  The 
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spiked serum samples at the varying concentrations were each injected in triplicate and 
results will be calculated as the percentage of recovery of the amount spiked versus the 
standards.  The detection limit is the lowest amount of analyte in a sample which can be 
detected but not necessarily quantitated as an exact value, while the quantitation limit is 
the lowest amount of analyte in a sample which can be quantitatively determined with 
suitable precision and accuracy.  The detection limit and quantitation limits were 
determined using the spiked serum samples where the analytes were detectable at a 
signal-to-noise ratio of 3:1 versus the serum blank and quantitatable at a signal-to-noise 
ratio of 10:1.  
 
5.4  Results and Discussion 
 
  5.4.1 Precision 
 
The precision of the method was determined by calculating the % relative standard 
deviation (%RSD) of the area for each of the three compounds in replicate injections of 
the standard solutions.  Six injections of the 1.0 µg/mL standard were made at the start of 
the run, followed by three replicate injections of each of the other concentrations of 
standards.  As shown in Table 5.1, there was good precision in all cases, with the %RSD 
for all standards less than 0.9%.  A %RSD of less than 2.0% is generally considered 
acceptable for most applications. 
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Table 5.1.  Area precision of replicate injections of standard solutions, reported as 
%RSD. 
 
 
  %RSD 
Standard Concentration 
Number of 
Injections phenylbutazone diclofenac flunixin 
18 µg/mL 3 0.01 - - 
15 µg/mL 3 0.06 - - 
12 µg/mL 3 0.02 - - 
1.2 µg/mL 3 0.04 0.55 0.82 
1.0 µg/mL 6 0.26 0.21 0.82 
0.8 µg/mL 3 0.33 0.56 0.85 
0.4 µg/mL 3 0.66 0.19 0.40 
0.3 µg/mL 3 0.42 0.29 0.33 
0.2 µg/mL 3 0.39 0.30 0.33 
0.1 µg/mL 3 0.16 0.17 0.87 
 
 
 
5.4.2 Efficiency, Resolution and Selectivity 
 
As discussed in Chapters 1 and 2, the use of either the statistical moment method [10] or 
the equation developed by Foley and Dorsey [11] has been shown to provide the most 
accurate, determination of column efficiency for non-ideal peaks, refer to equation 1.13.  
The chromatographic data system, Empower 2, used for these experiments contains the 
ability to provide the number of theoretical plates based on the Foley-Dorsey equation, 
known as the asymmetry function within the software.  The calculated results of 
efficiency using equation 1.13 are provided in Table 5.2 for the six replicate injections of 
the 1.0 µg/mL solution.  The number of theoretical plates ranging from 2660 to 4250 for 
the three peaks are similar to those found in Chapter 2 when using micellar mobile phase 
modified with TEA.
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Table 5.2.  Theoretical plates for replicate injections of the 1.0 µg/mL standard. 
 
phenylbutazone 
  Inj RT k N 
  1 6.37 4.3 2810 
  2 6.37 4.3 2760 
  3 6.36 4.3 2750 
  4 6.36 4.3 2720 
  5 6.36 4.3 2700 
  6 6.36 4.3 2660 
  
      diclofenac 
  Inj RT k N 
  1 14.9 11.4 4110 
  2 14.9 11.4 4100 
  3 14.9 11.4 3960 
  4 14.9 11.4 3930 
  5 14.9 11.4 3920 
  6 14.9 11.4 3790 
  
      flunixin 
Inj RT k N R α 
1 16.1 12.5 4110 1.44 1.09 
2 16.1 12.5 4250 1.46 1.09 
3 16.1 12.5 4250 1.45 1.09 
4 16.1 12.4 4110 1.43 1.09 
5 16.1 12.4 4090 1.42 1.09 
6 16.1 12.5 3970 1.41 1.09 
 
164 
 
 
5.4.3 Linearity 
 
The linearity of the method was determined from linear regression analysis of the area 
counts of replicate injections of the standard solutions.  To determine the method 
linearity, the area versus concentration for each of the standard injections were plotted 
and subjected to linear regression analysis as shown in Figures 5.2 – 5.4.  The square of 
the correlation coefficients (R2) for each analyte is given in Table 5.3.  The method is 
shown to be linear over the range of standards examined for each analyte with all R2 
values exceeding 0.99. 
 
 
 
Table 5.3.  Square of correlation coefficients (R2), slope, and intercept for replicate 
injections of standard solutions. 
 
 analyte R2 
number of 
observations slope intercept 
phenylbutazone 1.0000 33 211094 -492 
diclofenac 0.9999 24 146930 -1048 
flunixin 0.9998 24 187843 -148 
 
 
 
  5.4.4 Specificity 
 
Specificity is determined by spiking known quantities of the three NSAIDs examined into 
horse serum and ensuring that there are no interfering compounds or unknown peaks that 
interfere with the analytes of interest.  Figure 5.5 shows an example chromatogram of the 
1.0 µg/mL standard solution, where the resolution (R) between diclofenac and flunixin is 
1.4, with a resolution of 1.5 considered baseline resolved and completely separated. 
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Figure 5.2.  Linearity plot of 33 replicate injections of phenylbutazone standard. 
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Figure 5.3.  Linearity plot of 24 replicate injections of diclofenac standard. 
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Figure 5.4.  Linearity plot of 24 replicate injections of flunixin standard. 
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The observed negative peak at retention time of approximately 2.0 minutes in Figure 5.5 
may be due to a change in refractive index as the methanol/water standard diluents passes 
through the detector.  In Figure 5.6, a full scale comparison of blank horse serum 
injection to a 1.0 µg/mL spiked horse serum is shown, while Figure 5.7, shows the peaks 
of interest at a peak view scale.  In Figure 5.7, the resolution between diclofenac and 
flunixin is approximately 0.9, which is less than ideal.  However, in this application, not 
all analytes may be present in the same sample all the time.  The resolution observed 
would allow the testing laboratory to determine and identify both peaks in the sample.  
Phenylbutazone elutes on the tailing end of the proteinaceous peak, however can still be 
easily observed and isolated even at lower levels as shown in Figure 5.7, while Figure 5.8 
shows phenylbutazone is easily detectable at the acceptable limit of 15 µg/mL and has no 
interference from the horse serum blank.  Since phenylbutazone is permissible at lower 
serum concentrations, only higher levels would be of consequence in the sample. 
 
While the resolution between diclofenac and flunixin in the serum samples does not meet 
the chromatographic definition of baseline resolution, the peaks of interest are resolved 
sufficiently so that the analyst would be able to clearly and distinctly differentiate 
between the two peaks.  In addition, there is no apparent baseline or unknown peak 
interference from the serum itself that would hinder identification or quantitation of the 
peaks, especially for phenylbutazone at the concentrations of interest. 
 
 
 
 
 
169 
 
 
 
1
2 3
AU
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020
Minutes
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00
 
 
Figure 5.5.  1.0 µg/mL NSAIDs standard of 1) phenylbutazone, 2) diclofenac, and 3) flunixin.   Nucleosil C18 (250 X 4.6 mm, 70 Å) 
column, column temperature: 40ºC, flow rate was 1.5 mL/min, λ = 276 nm, mobile phase: 3/1/96 1-butanol/TEA/50mM SDS. 
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Figure 5.6.  Full scale comparison of 1.0 µg/mL spiked NSAIDs horse serum (black line) with blank horse serum (blue line) for 1) 
phenylbutazone, 2) diclofenac, and 3) flunixin.  Chromatographic conditions as in Figure 5.6.  
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Figure 5.7.  Peak scale comparison of 1.0 µg/mL spiked NSAIDs horse serum (black line) with blank horse serum (blue line) for 1) 
phenylbutazone, 2) diclofenac, and 3) flunixin.  Chromatographic conditions as in Figure 5.6.  
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Figure 5.8.  Peak scale comparison of 15.0 µg/mL spiked horse serum (black line) with blank horse serum (blue line) for 1) 
phenylbutazone.  Chromatographic conditions as in Figure 5.6.  
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5.4.5 Accuracy 
 
The accuracy of the method was determined by calculating the percent recovery of the 
theoretical amount of the three NSAIDs spiked into the horse serum at varying 
concentrations.  The experimental concentrations were determined by using the standard 
concentration curve generated for the linearity testing.  The slope and intercept of the line 
were used to simply calculate the recovered concentration as a percent of theoretical as 
shown in equation 5.2: 
100X
C
a
bA
t





 −
  5.2 
where A is the area of the analyte peak, a and b are the slope and intercept of the analyte 
standard equation as given in Table 5.3, and Ct is the theoretical concentration of the 
spiked serum sample in µg/mL.  Table 5.4 provides the percent recovery values for each 
of the analytes and concentrations. 
 
The average percent recovery for phenylbutazone at the higher spiked concentrations (12 
– 18 µg/mL) ranges from 94.2 to 95.1%, however, as the spiked concentration decreases, 
the percent recovery decreased as well.  From a review of the chromatography, and as 
can be observed in Figures 5.7 and 5.8, the decrease in recovery is partly due to the 
negative sloping baseline where phenylbutazone elutes.  Since the baseline is decreasing 
as the phenylbutazone passes the detector in the HPLC, there may a cancelation of a 
portion of the peak as the detector response increases due to the adsorption of the 
phenylbutazone at 273 nm, yet still decreases from the tail end of the 
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Table 5.4.  Percent recovery of spiked horse serum samples 
 
Concentration phenylbutazone diclofenac flunixin 
(µg/mL) (nominal) % Recovery S.D. % Recovery S.D. % Recovery S.D. 
18 95.0 - - - - - 
18 95.2 - - - - - 
18 95.2 - - - - - 
Average 95.1 0.14 - - - - 
15 94.0 - - - - - 
15 95.0 - - - - - 
15 94.7 - - - - - 
Average 94.6 0.46 - - - - 
12 93.6 - - - - - 
12 94.3 - - - - - 
12 94.5 - - - - - 
Average 94.2 0.46 - - - - 
1.2 74.3 - 88.3 - 105.0 - 
1.2 77.5 - 88.0 - 105.1 - 
1.2 75.7 - 87.4 - 104.8 - 
Average 75.8 1.6 87.9 0.5 105.0 0.1 
1.0 72.0 - 87.0 - 104.0 - 
1.0 74.0 - 87.0 - 104.6 - 
1.0 74.1 - 86.5 - 105.0 - 
Average 73.4 1.2 86.8 0.3 104.5 0.5 
0.8 69.7 - 87.4 - 104.8 - 
0.8 72.5 - 85.9 - 103.5 - 
0.8 72.1 - 86.1 - 103.2 - 
Average 71.4 1.5 86.5 0.8 103.8 0.9 
0.4 55.2 - 83.0 - 98.1 - 
0.4 59.5 - 86.1 - 98.4 - 
0.4 58.6 - 82.5 - 100.0 - 
Average 57.8 2.3 83.9 1.9 98.8 1.0 
0.3 50.6 - 83.4 - 98.3 - 
0.3 56.4 - 85.0 - 98.3 - 
0.3 57.3 - 86.5 - 98.9 - 
Average 54.8 3.6 85.0 1.6 98.5 0.3 
0.2 42.7 - 84.4 - 94.3 - 
0.2 48.2 - 87.3 - 91.4 - 
0.2 47.0 - 86.6 - 97.2 - 
Average 45.9 2.8 86.1 1.5 94.3 2.9 
0.1 28.4 - 91.0 - 89.0 - 
0.1 29.2 - 90.4 - 88.9 - 
0.1 32.5 - 84.6 - 85.8 - 
Average 30.0 2.2 88.7 3.5 87.9 1.8 
 
175 
 
 
proteinaceous matter.  Another possibility for the lower recovery is incomplete extraction 
of phenylbutazone from the proteinaceous matter.  There may be small amounts of 
phenylbutazone that remain bound to the proteins and thus eluted with the large peak in 
the beginning of the chromatograph.  Although recoveries as low as 30.0% for the 0.1 
µg/mL sample were observed, the impact is minimal due to the allowable limit of 
phenylbutazone in equine serum.  At the limit of 15 µg/mL, the recovery is 94.6% which 
would give good assurance that reasonable recovery is observed at that concentration. 
 
The recovery of diclofenac was consistently in the mid-eighties, ranging from 83.9 to 
88.7%.  The slightly lower values are in part due to the incomplete resolution between 
diclofenac and flunixin causing an underestimation of diclofenac and possible 
overestimation of flunixin.  Although single component spiking experiments were not 
performed, it is anticipated that slightly higher recoveries of diclofenac, and perhaps 
slightly lower recoveries of flunixin would be observed if these experiments were 
conducted.  Since the acceptable limit in equine serum is 0.005 µg/mL, the detection of 
any amount of diclofenac at the spiked concentrations would indicate a failure of the 
serum sample. 
 
The flunixin recoveries, as mentioned above, may be slightly overestimated, yet ranged 
from 87.9 to 105.0%.  As with the phenylbutazone, the percent recoveries decreased with 
decreasing concentration, although much less exaggerated.  The baseline in the region of 
flunixin continues to decrease slightly, and that coupled with the slight co-elution with 
diclofenac would tend to decrease the recovery as concentration and adsorption of 
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flunixin decreases.  As with phenylbutazone, the acceptable limit of flunixin meglumine 
is 1.0 µg/mL.  When the meglumine salt is accounted for, the free acid flunixin 
concentration would be 0.6 µg/mL flunixin, where recoveries are observed to be near 
100% in the range from 0.4 – 0.8 µg/mL. 
 
Overall, recoveries in the range of interest for phenylbutazone and flunixin are in the 
mid- to high-nineties, while that of diclofenac is consistently in the mid-eighties for all 
concentrations observed. 
 
  5.4.6 Limits of Detection and Quantitation 
 
Since this method is essentially a limit test, a determination of pass or failure of the 
serum samples based on allowable limits, the limits of detection and quantitation hold 
much importance.  The limits of detection and quantitation were determined by 
comparing the signals from the spiked serum samples (signal) to that of the blank serum 
samples in the same region and determining the signal-to-noise ratio (S/N).  A signal-to-
noise ratio of 3:1 or 2:1 is generally considered acceptable for estimating the detection 
limit and a minimum of 10:1 is typical for limit of quantitation.  The limits of 
quantitation and signal-to-noise ratios is given in Table 5.5 for each analyte, with 
comparison chromatograms shown in Figures 5.9 – 5.10 for the limits of quantitation. 
 
 
  
177 
177 
 
 
 
1
AU
0.020
0.021
0.022
0.023
0.024
0.025
0.026
0.027
0.028
0.029
0.030
0.031
0.032
0.033
0.034
0.035
Minutes
5.70 5.75 5.80 5.85 5.90 5.95 6.00 6.05 6.10 6.15 6.20 6.25 6.30 6.35 6.40 6.45 6.50 6.55 6.60 6.65 6.70 6.75 6.80
 
 
Figure 5.9.  Limit of quantitation comparison at 0.3 µg/mL spiked NSAIDs horse serum (black line) with blank horse serum (blue 
line) for 1) phenylbutazone.  Chromatographic conditions as in Figure 5.6.  
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Figure 5.10.  Limit of quantitation comparison at 0.2 µg/mL spiked NSAIDs horse serum (black line) with blank horse serum (blue 
line) for 2) diclofenac and 3) flunixin.  Chromatographic conditions as in Figure 5.6.  
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Table 5.5: Limits of detection and quantitation for spiked serum samples 
 
 analyte LOD (µg/mL) S/N 
LOQ 
(µg/mL) S/N 
phenylbutazone 0.1 3 0.3 12 
diclofenac 0.1 3 0.2 11 
flunixin 0.1 3 0.2 11 
 
 
 
5.5 Conclusions 
 
A method of direct equine serum injection for the detection of banned NSAIDs in 
equestrian events was developed and validated.  The method provides a screening tool for 
analysis of equine serum with a simple and rapid sample preparation without time 
consuming and costly sample pre-treatment.  The method was determined to be precise 
and linear from 0.1 – 18 µg/mL for phenylbutazone and 0.1 – 1.2 µg/mL for diclofenac 
and flunixin.  Spiked serum samples showed the method to be specific with sample 
recoveries ranging from 30.0 – 95.1% for phenylbutazone, 83.9 – 88.7% for diclofenac, 
and 87.9 – 105.0% for flunixin.  The LOD was 0.1 µg/mL for all three NSAIDs and LOQ 
was 0.3 µg/mL for phenylbutazone and 0.2 µg/mL for diclofenac and flunixin. 
By using a micellar mobile phase with 1-butanol and TEA additives, good peak 
efficiencies were obtained for sample standards and further demonstrates that MLC is a 
useful and practical technique for determination of compound in physiological fluids. 
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Chapter 6:  Conclusions and Thoughts for Additional Efficiency Improvements in 
Micellar Liquid Chromatography 
 
6.1 Conclusions 
 
In today’s analytical laboratory, a variety of techniques are available to the separation 
scientist.  Micellar liquid chromatography has thus far played a small role in the overall 
realm of separation science techniques.  MLC related publications comprise only about 
1% of those related to liquid chromatography on an annual basis.  The European 
scientific community, especially research groups in Spain, publish the majority of those 
reports [1].  The studies presented herein are intended to assist in overcoming some of the 
potential negative perceptions of MLC.  The growing awareness and application of so 
called “green” techniques with less environmental impact may raise the profile of MLC 
to those who might otherwise choose a more traditional reversed phase separation.  An 
ongoing worldwide shortage of acetonitrile also has chromatographers looking for 
alternative solvents, or ways to reduce organic solvent usage.  The much lower 
concentrations of organic solvents in MLC provides an attractive alternative to RP-HPLC 
in terms of cost, environmental impact, toxicity, and availability of necessary materials. 
 
The experiments conducted herein have shown surfactant adsorption to be the primary 
cause of reduced efficiency in MLC.  By reducing the adsorbed surfactant through 
addition of small amounts of organic additives such as the combination of 1-butanol and 
triethylamine, MLC can have efficiencies on par with RP-HPLC.  The variety of 
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available stationary phases with wide pores also opens the technique to the combined 
improvements of shorter retention times and improved efficiencies.  The results of the 
studies conducted especially with the wide pore C3, C4, C8 and fluorooctyl columns show 
that both of the previously observed shortcomings of MLC may be overcome. 
 
The studies conducted with elevated temperatures above 40°C, although limited, were 
intriguing and promising, and is an area that should be further explored.  Significant 
efficiency improvements ranging from 9% for a Chromegabond C8 column to 58% for a 
traditional C18 (Zorbax ODS) column were observed over the temperature range of 40 to 
70°C.  Many of the columns manufactured today are able withstand elevated 
temperatures above 40°C without significant reduction in the column lifespan.  
Temperatures of at least 40°C and slightly higher should be considered for routine usage 
during new MLC method development. 
 
The main advantage of MLC is the ability for direct injection of physiological fluids such 
as urine and serum samples without protein precipitation.  The method of direct injection 
of equine serum for detection of banned NSAIDS in equestrian events was shown to be a 
viable alternative to the methods in use today with time consuming and costly sample 
pre-treatment.  Direct injection remains one of the most published areas of interest for 
MLC and has helped sustain it as a technique. 
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6.2 Suggestions for Further Improvements in Efficiency 
 
There are two major areas of potential opportunity for additional efficiency 
enhancements in MLC: (i) the use of columns with small particle size silica (2.1 µm or 
less) and (ii) the use of high-temperature liquid chromatography.  From equation 1.21, it 
is known that chromatographic efficiency is inversely proportional to silica particle size.  
However, the internal column pressure increases by the square of the reduction in particle 
size.  Therefore, particle size has been limited to the maximum pressure capability of the 
HPLC, about 6000 psi.  However, since Waters Corporation has made commercially 
available new liquid chromatographs capable of operating under pressures up to 15,000 
psi, called Ultra Performance Liquid Chromatography (UPLC), the use of small particle 
(2.1 µm and under) columns has become fairly routine [2].  Although most small particle 
columns are not available in wide-pore silica, the very high pressures routinely result in 
chromatographic run times of less than five minutes.  Therefore, long run times observed 
in MLC at normal pressures with traditional pore size columns would presumably no 
longer be of concern.  The benefits of the small particle size should also translate to 
improvement in efficiency in MLC.  One area of potential concern is the effect of 
pressure on micelle formation and would need to be understood as part of the exploration 
of the technique. 
 
High-temperature HPLC is also a fairly new area gaining in popularity as new 
polydentate silica or zirconia supports have been introduced by column manufacturers 
capable of withstanding temperatures up to 200°C.  A special column oven is used to 
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rapidly heat the column, with a preheating unit to heat the mobile phase.  Again, 
efficiency is increased and retention times on the order of one minute have been observed 
[3].  With the improvement observed in this research with only small increases in 
temperature, the potential for even greater improvements would be of interest.  The 
concern of superheating mobile phases and potential analyte degradation has been stated 
to be negligible due to the extremely short residence times, typically a matter of seconds, 
that the mobile phase and analytes are exposed to the column.  However, the effect on 
micelles in this temperature range is currently unknown, and would also need to be 
explored. 
 
With the demonstrated improvements in efficiency, along with potential future directions, 
it is hoped that micellar liquid chromatography will become more widespread in the 
future for continued applications of direct injection of physiological fluids, analysis of 
pharmaceutical drug, and others yet to come. 
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